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V velocity vector, m/s
As surface area of the Langmuir probe, m
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B magnetic ﬁeld strength, G
e elementary charge, C
f0 neutral mass fraction
f1 singly ionized mass fraction
f2 doubly ionized mass fraction
fi ionization mass fraction of the propellant
g gravitational constant, m/s2
Id discharge current, A
Ii exhausted ion current, A
Isat ion saturation current, A
Isp speciﬁc impulse, s
xj(θ) ion current density, A/m2
k Boltzmann constant, m2 kg s−2 K−1
M spacecraft mass, kg
m mass of a xenon atom/ion, kg
me electron mass, kg
mi ion mass, kg
mp mass of the power supply, kg
ni ion density, m
−3
P kinetic power delivered to the spacecraft, W
p proportionality constant
Pk directed kinetic power making up the thrust component, W
Ps supply output power IdVd, W
Q average charge state of the ionized propellant
q charge number
re electron Larmor radius
rL Larmor radius
T thrust, N
Te electron temperature, J
TeV electron temperature, eV
Ue ion velocity, m/s
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v⊥ perpendicular velocity w.r.t. the magnetic ﬁeld
Vd discharge voltage (anode potential), V
Vf ﬂoating potential, eV
Vp plasma potential, eV
xi
Vaccel acceleration potential for a given ion, V
β average oﬀ-axis ion trajectory angle
ion ion kinetic energy
λd debye length, m
μ0 permeability of free space, V s/(A m)
ηB beam divergence as an eﬃciency
ηc current eﬃciency
ηprobe the product of all probe-measured eﬃciencies
ηE energy eﬃciency
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ηT thrust eﬃciency
ηvdf velocity distribution eﬃciency
ηv voltage utilization eﬃciency
Φctg cathode to ground potential, V
Φplasma plasma to ground potential, V
θ angle from thruster axis
ξ ratio of probe radius to debye length
ωc cyclotron frequency, Hz
Ωe Hall parameter, m
−2
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Introduction
Electric propulsion (EP) devices, such as the Hall thruster, are gaining use for
space travel against their chemically propelled counterparts because of the pro-
pellant mass savings that EP can oﬀer. This reduction in propellant mass allows
for a lighter spacecraft and/or a more massive payload. Many missions, however,
are time sensitive and electric propulsion devices are not capable of producing the
levels of thrust necessary to meet the trip time demands. In these missions, chem-
ical thrusters must be used as the primary propulsion device at the expense of a
increased onboard propellent mass. The result is that many of today’s spacecraft
have both a primary propulsion device such as a chemical rocket as well as an
auxiliary device for stationkeeping tasks (often an electric propulsion rocket such
as a Hall thruster). Dual systems require dual propellant tanks, power supplies,
mass ﬂow controllers etc. Therefore, there is a desire in the electric propulsion
community to create an EP device that can function both as a primary and aux-
iliary device for a spacecraft. For a Hall thruster to be capable of this, it would
have to exhibit eﬃcient throttle ability in thrust to function as a main thruster in
addition to its present capabilities as an auxiliary thruster for orbit correction. By
doing so, the propulsion system could be streamlined onboard spacecraft, reducing
complexity (increased reliability) and reduction of the total system mass.
1.1 Thrust to Power Ratio
In space ﬂight, the amount of time it takes to complete a maneuver is called
the trip time and is related to the required velocity change, spacecraft mass, and
thrust by
Δt =
MΔV
T
. (1.1)
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The velocity change, ΔV , is a ﬁxed mission parameter for a given mission and is
independent of the spacecraft in use, including propulsion system, mass, etc.1.
As previously mentioned, the thrust output for a typical electric propulsion
rocket is much smaller than that of a chemical rocket, and is not trivial to increase.
The diﬃculty in increasing the thrust stems from the mathematical relationship
between thrust and power. The calculation of thrust is given by
Thrust = m˙Ue (1.2)
where m˙ is the mass ﬂow rate of propellant and Ue represents the exit velocity of
the ionized propellant. This consumes
Power =
1
2
m˙Ue
2 (1.3)
total kinetic power. Now, by recasting the thrust as function of power, we get
Thrust =
2Pk
Ue
, (1.4)
where Pk is the directed kinetic power in the exhausted ion beam. The term
’directed’ is included to account for the beam divergence which is not a power loss
mechanism but is accounted for in the thrust eﬃciency. The beam divergence is
explained in detail in chapter 2.
The level of kinetic power in the ion beam depends on how eﬃciently the
electrical power is being converted to thrust
Pk = ηTPs (1.5)
where Ps is the input electrical power. Electrical thrusters of all varieties are often
characterized by their thrust eﬃciency (ηT ) values.
Ostensibly, increasing the thrust becomes a function of increasing the power
supplied to the thruster according to equation 1.4. Unlike in a chemical thruster,
where this power comes from the energy stored in the chemical bonds of the
propellant, an electrical thruster gets its power from an onboard power plant
(PPU) that converts solar or nuclear energy into electricity. Available onboard
power from PPUs are limited at present to tens of kW which limits the thrust of
EP devices to at present to hundreds of mN. Furthermore, the mass of the PPU
scales with its power output,
Ps = ∝ mp = 2ηTT
Ue
. (1.6)
1For example LEO-GEO requires a ΔV of 4 km/s.
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By increasing the onboard power supply, the total expended propellent mass
needed for the mission, Δm, is decreased, while the mp is increased. Thus, mis-
sions are designed to minimize mp + Δm to maximize the deliverable payload
[1].
Without the ability to increase the onboard power, focus must move toward
trying to increase the thrust-to-power ratio,
T
Ps
=
2ηT
Ue
, (1.7)
which means either decreasing the exit velocity or increasing the thrust eﬃciency.
In the past decade, there has been great progress in increasing thrust eﬃcien-
cies from benchmark levels of 50% on the Russian SPT-100 to upwards of 70%
in some laboratory Hall thrusters [2, 3]. For many missions where EP could be
considered, however, a several fold increase in thrust is necessary where even 100%
thrust eﬃciency will not increase the thrust-to-power ratio to necessary levels.
Alternatively, to decrease the propellant exit velocity, the acceleration voltage,
1
2
mU2e = qVaccel (1.8)
, must be decreased, where Vaccel is approximately the voltage applied to the anode
Vaccel ≈ Vd. (1.9)
Decreasing the voltage applied to the anode (discharge voltage) on modern Hall
thrusters causes decreases in thrust eﬃciency, ηT . Experimental data has shown
that the decrease is so severe, that the thrust-to-power ratio declines instead of
increasing. Thus, the problem of a high thrust-to-power ratio reverts back to
increasing the thrust eﬃciency at low discharge voltages.
There is a large gap in the empirical data available for low voltage operation
of Hall thrusters. As a ﬂedging technology, it was discovered that Hall thrusters
did not perform well at voltages below ∼ 300 V. Therefore, experiments were
focused on the areas where the thruster performed the best, namely, high voltages.
The interest in low voltage or multi-mode operation of a Hall thruster has only
seen a real push in the last 5-6 years. Furthermore, although some of the loss
mechanisms have been ﬂushed out, not all of physics behind these loss mechanisms
are understood. To further complicate matters, some of the data available exhibit
non-monotonic behavior that is not conventionally explained by the models used
in the ﬁeld.
It is therefore the aim of this work to examine plasma processes inside the
discharge chamber of a Hall thruster at low voltages, and to compare those data
to internal data for high voltages and external probe data for both high and
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low voltages. Internal probe data oﬀers a deeper look into the operation of a Hall
thruster that external probe data and thrust stand measurements cannot capture.
To broaden the results of these experiments, many of the external probe studies
and all of the internal work will be conducted using both xenon and krypton as
propellant sources.
1.2 Scope
The work herein is an experimental study, and the parameters explored are those
that can be controlled without altering the thruster itself (i.e. power supplies,
mass ﬂow controllers etc). The structure of the Hall thruster, discharge chamber
dimensions, magnetic circuit, and cathode were not altered at any point during
operation. This study was conducted on one production grade Hall thruster under
the assumption that many of the phenomena discovered here are applicable to
other Hall thrusters exhibiting similar ineﬃciencies. Identical testing on several
other Hall thrusters would serve to refute or support whether or not the data can
be considered universally applicable. Many of the results are intended to be used
to optimize future Hall thruster models, however, the scope of this body of work
is to highlight a comparison to current model data in the ﬁeld.
1.3 Structure
The next chapter of the thesis details all of the necessary background information
including probe theory, Hall thruster operation, and previous research. Chapter
2 also catalogs the probe techniques in the external and internal studies. Chapter
3, ’Loss mechanisms as a function of discharge voltage,’ begins with a discussion
of apparatus including the thrust stand and vacuum chamber used in testing.
Chapter 4 outlines the second test, ’Loss mechanisms as a function of magnet
current,’ and the results therein. Much of the detailed discussion is saved for
chapter 7. Chapter 5 details the construction of the high-speed probe system
used to perform the internal probe tests, and the results appear subsequently in
chapter 6. Lastly, chapter 7 is reserved for discussion, concluding remarks and
note on future work.
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Chapter 2
Background
This chapter begins with a rudimentary explanation of Hall thruster operation
followed by a mathematical derivation and description of eﬃciency terms found
throughout this dissertation. Next, is a section on probe theory and diagnostic
tools used. Then, a literature review of previous work done in the low voltage
and/or high thrust-to-power areas of Hall thruster research is presented.
2.1 Brief History and Description of the Hall
Thruster
The fundamentals for electric propulsion were put to paper by Robert H. Goddard
at the turn of the twentieth century, however the Hall thruster didn’t come into
existence until the 1960’s [1]. At that time, the focus of research for closed-drift
thrusters (what are known as Hall thrusters today) was in the 5000-10,000 second
Isp range. Speciﬁc impulse, Isp , refers to the exit velocity of the plume divided
by gravity,
Isp =
Ue
g
. (2.1)
Due to electron back streaming that rose above classical diﬀusion models [2], it
was determined that eﬃcient operation was not possible in comparison to the ion
thruster. Research on the Hall-thruster was abandoned in the US in the 1970’s,
however, it continued in the Soviet Union.
At the conclusion of the Cold War, Russia surfaced with 20 years of technology
in the SPT-100 Hall thruster and many other devices displaying viable technology
for near-earth missions in the range of 1500-2000 s Isp . Since then, Hall thruster
research was rebooted at the NASA Glenn research center in Ohio in the early
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1990’s and has spread to a couple dozen universities, government agencies, and
private businesses across the country.
2.1.1 Hall Thruster Physics
The Hall thruster can broken down into its three main components: the anode,
cathode, and magnetic circuit.
The anode is a multifaceted device that is responsible for maintaining the elec-
tric ﬁeld, functioning as the inlet for neutral propellant and being the catch-all
for upstreaming electrons. The device is typically porous to function as the neu-
tral feed line and made from a conductor, often stainless steel, that is electrically
isolated from the rest of the Hall thruster and held at a high potential that is
called the anode/discharge potential/voltage. Barring loss mechanisms, it is the
anode potential that determines the velocity at which the propellant is acceler-
ated. The anode must be constructed such that it is robust enough to withstand
joule heating from the back streaming electrons. Stainless steel is suﬃcient when
working with xenon and krypton, but condensible propellants that include ac-
tive heating elements often require an anode forged from a refractory metal such
as molybdenum [3]. A magnetic ﬁeld is employed near the exit plane in a Hall
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Figure 2.1: Cartoon cross-section of Hall thruster and cathode system
thruster to impede the motion of the electrons. Electromagnets are placed around
the perimeter and in the center of the device to create a radial ﬁeld across the
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exit plane, perpendicular to the electric ﬁeld created between the anode-cathode.
The strength of the magnetic ﬁeld is tuned, via the magnet coil current, in order
to keep the electron Larmor radius small and the ion Larmor radius large when
compared to the dimensions of the discharge chamber. The general equation for
the Larmor radius is
rL =
v⊥
ωc
(2.2)
where v⊥ is the perpendicular velocity and ωc is the cyclotron frequency deﬁned
as
ωc =
|q|B
m
. (2.3)
In the absence of the magnetic ﬁeld in a Hall thruster, the electron motion
would be axial, and therefore the thermal velocity of the electrons can be substi-
tuted for the perpendicular velocity in equation 2.2 to get
re =
vth
ωc
=
m
eB
√
8kTe
πm
=
1
B
√
8m
πe
TeV  L (2.4)
where TeV is the electron temperature in eV, and L is taken as the characteristic
length or plasma length inside the discharge chamber. L can be taken as the
length of the discharge chamber for an order of magnitude comparison. Typical
magnetic ﬁeld values are ∼200 G which gives an electron Larmor radius of ∼1mm
and an ion Larmor radius of ∼150 cm. In practice, this means that the magnetic
ﬁeld conﬁnes the electrons whereas the ions are largely unaﬀected by it due to
their larger mass. The Hall parameter,
Ω2e =
ω2c
v2
(2.5)
, is a gauge of this, and the electrons are said to be magnetized when Ω2e  1. The
goal of magnetizing the electrons is to reduce their cross ﬁeld mobility, trapping
them at the the exit plane. The electrons are trapped gyrating along magnetic
ﬁeld lines and this way create equipotential lines. The collection of equipotential
lines creates a local gradient in plasma potential violating plasma neutrality and
creating a potential hill for the ions to fall through. The peak magnetic ﬁeld is
typically the point of greatest potential gradient and makes up what is called the
acceleration zone.
Ion production is the result of electron-neutral collisions near the exit plane.
Pressure gradients cause diﬀusion of the neutral propellant downstream toward the
exit plane where the highly energetic electrons are trapped on ﬁeld lines. During
electron-neutral collisions, if the electrons transfer energy in excess of the ioniza-
tion potential, the neutral splits into an ion electron pair. The electron-neutral
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cross sections are a function of species, density, and electron temperature. Thus,
propellants are chosen based on the desire for high mass, high electron-neutral
cross section coeﬃcient, and low ionization potential. The newly formed posi-
tively charged ions are repelled by the anode and are ejected out of the thruster,
while the electrons work their way towards the anode to eventually be collected
and pumped through the power supply to the cathode. The cathode, perched on
??
??????????
???????
Figure 2.2: One quarter cross section of a Hall thruster. The yellow
lines represent the radial magnetic ﬁeld and the red line represents a
typical plasma potential proﬁle in the Hall thruster.
top of the thruster, serves to neutralize the ion beam that is ejected in order to
prevent a build up of space charge. The electrons resulting from ionization (free
electrons) and incident electrons (cathode electrons) are eventually collected at
the anode. Before this, the electrons may be involved in many ionization events,
but deposit any remaining energy in the form of joule heating of the anode.
2.2 Probes
2.2.1 Retarding Potential Analyzer
The retarding potential analyzer (RPA) is a tool used to measure the ion energy-
per-charge distribution of the plume of the Hall thruster [4]. Ultimately, this
information is used to calculate voltage utilization eﬃciency (see section 2.3.1).
The RPA probe has been used in countless studies in HET research [5, 6, 7, 8]. In
particular, the probe used here was also used in the several other studies [9, 10, 11].
The RPA probe uses a series of biased grids to repel ions of low energy (see
ﬁgures 2.3 and 2.4). The electron repelling grids (ER grids) are set to a ﬁxed
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Figure 2.3: Internal diagram of the RPA probe where E.R. stands
for electron repellor.
bias of 15 V below cathode potential and function to both suppress electrons from
entering the probe, and to stop secondary electron emission oﬀ the collector in the
back of the probe. The ion repeller is swept from 0 V to 450 V to ﬁlter out ions
of low energy. The resulting I-V curve is the distribution function of ion energies
(per charge). Since the RPA uses potential grids to ﬁlter the ions, it is not a
direct measure of energy. In other words, a triple-charged charged xenon ion,
Xe+++, that reaches the collector, is indistinguishable from three single-charged
ions. This quirk of the RPA is less of a concern for low voltage work because the
fraction of multiply charged ions decreases with decreasing voltage [8].
Figure 2.4: Potential structure created by the grids within the RPA
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2.2.2 Faraday Probe
A Faraday probe is a negatively biased electrode that collects ion current in the
plume of a Hall thruster. By sweeping the probe in an arc in front of the thruster
at a ﬁxed bias, the current collected raises and lowers with the changing ion ﬂux
in the plume. From this data, current density, as a function of oﬀ-axis angle,
can then be used to compute beam divergence eﬃciency (see section 2.3). The
integration of the proﬁle will also give beam current, IB. The simple faraday
probe has been used in the community for years, however, much advancement has
been made in the technique in last year [12].
2.2.3 Langmuir Probe
Irving Langmuir ﬁrst developed the fundamental techniques for determining plasma
properties by the use of electrostatic probe in 1924 [13]. The single Langmuir
probe consists of a piece of dielectric material, usually a refractory metal, housed
in a ceramic body that is exposed on one end. The probe is connected to a power
supply that sweeps the voltage applied to the probe and records the corresponding
current to form an I-V trace from which the plasma properties can be extracted.
Single Probe Interpretation
The solid line in ﬁgure 2.5 depicts what an ideal Langmuir I-V curve from a sin-
gle probe should look like. When the probe is biased very negatively, all of the
electrons are repelled and only the ions are collected. This represents the ion
saturation region on the left side of the graph. As the potential on the probe
is increased, eventually the current reaches zero, which, by deﬁnition, indicates
ﬂoating potential. Further increasing the potential to the probe draws more elec-
trons until eventually the probe potential reaches the the plasma potential, after
which electron saturation occurs.
Ideally, plasma potential can be identiﬁed directly from the graph without
further calculation, however, it is most often that in a single probe trace, electron
saturation is never reached, and the knee in the curve is diﬃcult to ascertain
(see the doted line in ﬁgure 2.5). Furthermore, single probe operation requires
the probe to be swept over a large range of voltages which in turn creates strong
perturbations in the plasma rendering the results diﬃcult to interpret correctly.
This can be abated with multiple biased swept probes or a two-stage system
in which the ﬁrst sweep records the ﬂoating potential [14, 15]. Alternatively, a
double Langmuir probe can be used. The double probe technique was chosen
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Figure 2.5: Ideal single Langmuir trace
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based on the recent experience and success with the double probe in the lab used
for experimentation in this investigation [9, 16].
Double Langmuir Probe
The cylindrical double probe consists of two identical single probes mounted next
to one another. A ﬂoating voltage supply creates a ±40 V sweep between the
probes and a ammeter records the current delivered to the probe tips. With the
voltage supply ﬂoating, the potential half way between the two probes corresponds
to the ﬂoating potential at the plasma location of the probe tips. This system has
two beneﬁts: First, the ﬂoating potential is easily acquired by measuring the the
potential of the voltage supply with respect to ground, and second, neither probe
is more than ∼ 40 V away from ﬂoating or plasma potential at any time, so the
perturbation to the plasma is minimized.
2.3 Thrust Eﬃciency
The dominant gauge of performance of an EP device is the thrust eﬃciency.
Thrust eﬃciency is calculated from thrust measurements taken from the thrust
stand, power consumption measurements recorded from the power supply, and
mass ﬂow measurements from the controllers
ηT =
T 2
2m˙Ps4
. (2.6)
Thrust eﬃciency is the measure of electrical power conversion to net thrust.
This is, however, the product of many diﬀerent processes in the Hall thruster. To
diagnose loss mechanisms or to improve the eﬃciency 1, these processes must be
disentangled.
In 1998, Vladimir Kim presented a model to separate the thrust eﬃciency
into ﬁve separate mathematical expressions, each relating to physical processes
governing operation of the Hall thruster. Hofer built upon this structure, changing
some of the terms and naming conventions in 2004 [8]. Most recently, however,
Larson et al. have expanded this research to include even more of the physics of
Hall thruster operation [17, 12]. The eﬃciency breakdown here is a combination
of both my own derivation and Larson’s work, and covers the physics explored
throughout the remainder of the dissertation.
The equation for thrust, eq.1.2, presented in chapter 1 was oversimpliﬁed.
Thrust is the vector quantity
T = m˙V, (2.7)
1Anytime the word eﬃciency appears alone, it is referring to thrust eﬃciency.
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where V = Uevˆ. Substituting this into the thrust eﬃciency equation for this
exploration gives
ηT =
m˙2〈V〉2
2m˙Ps
=
1
2
m˙〈V〉2
Ps
=
〈V〉2
〈V2〉
1
2
m˙〈V2〉
Ps
. (2.8)
This recast of the thrust eﬃciency equation breaks it into the product of propellant
eﬃciency and energy eﬃciency. Propellant eﬃciency is the measure of the velocity
distribution function and beam divergence eﬃciency
ηp =
〈V〉2
〈V2〉 . (2.9)
Energy eﬃciency is the measure of total energy in the ion beam,
ηE =
1
2
m˙〈V2〉
Ps
. (2.10)
where
Ps = IdVd (2.11)
as measured from the anode power supply.
Energy eﬃciency can be pulled apart further to get
ηE =
1
2
m〈V2〉
eVd
1
fiQ
m˙e
mId
(fiQ) (2.12)
where Q is the average charge of the ionized propellant,
Q =
1
fi
(
f1 + 2f2 + 3f3
)
.
The variable fi is the ionization mass fraction of the propellant
fi = f1 + f2 + f3...
f0 + fi = 1
where f0, f1, f2, and f3 are the exit mass fractions of Xe, Xe
+, Xe2+, and Xe3+.
Thus, the quantity fiQ denotes average charge of the exhausted gas/plasma mix.
This percentage accounts for exhausted neutrals as well as all multiple ionization
species. The f and Q terms are pulled directly from the work of Larson [17].
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2.3.1 Voltage Utilization
The ﬁrst half of equation 2.12, is called the voltage utilization
ηv =
1
2
m〈V2〉
eVd
1
fiQ
, (2.13)
where 1
2
m〈V2〉 is the average energy of the expelled ions. The ions are homogenous
in mass so by measuring their velocity we can calculate their energy. From there,
the average portion of the electric potential that the ions have fallen through can
be calculated
1
2
mU2e = qVaccel, (2.14)
with the assumption that the acceleration voltage is equal to the discharge voltage
applied to the anode, Vaccel ∼ Vd.
2.3.2 Current Eﬃciency
Current eﬃciency comes from the remaining half of equation 2.12
ηc =
m˙e
mId
(fiQ) =
Ii
Id
(2.15)
and measures the beam current versus the free electron current and ionization
electron current.
2.3.3 Velocity Distribution Function
First, the propellent eﬃciency must be further separated into
ηp =
〈|V |〉2
〈|V |2〉〈cos β〉
2 = ηvdfηB (2.16)
to obtain the velocity distribution function (VDF)
ηvdf =
〈|V |〉2
〈|V |2〉 . (2.17)
The velocity distribution function and the propellant eﬃciency are terms also
adopted from Larson’s work [17], which included examples of a VDF for a Gaussian
and Maxwellian distribution. The VDF is the only eﬃciency that was not directly
measurable by the used probe techniques used in this exploration. However, since
thrust eﬃciency is known, the VDF is the quotient of ηT divided by the other
three loss mechanisms. In Larson’s work, it was shown the the VDF is very small
in comparison to the other loss mechanisms, and for this work has been considered
negligible.
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2.3.4 Beam Divergence
Beam divergence is a measure of how collimated the ion beam is ejected at
ηB = 〈cos β〉2. (2.18)
A poorly structured magnetic ﬁeld will allow the ions to escape the thruster at
an angle not perpendicular to the exit plane. All oﬀ-axis trajectory components
integrate out (for a symmetric beam) and are energy losses that do not contribute
to thrust. There is also a pressure gradient due to high density plume that con-
tributes to the beam spread, however, this loss is small in comparison to the eﬀects
of magnetic focusing.
2.3.5 Thrust Eﬃciency Recombined
Returning to the thrust eﬃciency, it can be depicted as the product of the velocity
distribution function and the beam divergence, voltage utilization, and current
eﬃciencies
ηT = ηvηcηvdfηB. (2.19)
By measuring all of the individual eﬃciencies instead of just ηT , is is possible
to uncover a deeper level of understanding of the underlying physics. In the
following chapters, the probe techniques used to measure these eﬃciencies will
be discussed. The role of the ionization potential as it relates to eﬃciency is
presented in Appendix 3.4.
2.4 Low Voltage Hall thrusters
Nominal operating discharge voltages for Hall thrusters is 300-500 V. There has,
however, recently been a push for high-voltage thrusters in the range of 1 kV. The
term low voltage Hall thruster will be reserved for any thruster operating below
300 V. Low voltage research is a vehicle to achieve high thrust to power thrusters.
Unoﬃcially, the electric propulsion community has set a target of 120 mN/kW
thrust to power ratio. Figure 2.6 shows a good representation of the available Hall
thrusters as of 2007, both research and production models. The highest level of
thrust-to-power depicted in these models is just over 80 mN/kW. Though more
recent work has produced a thruster capable of the 86 mN/kW, this value is still
far beneath 120 mN/kW [12].
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Figure 2.6: Performance characteristics of modern Hall thrusters in
research and in industry. Larson, C. W., Brown, D. L., and Har-
gus, W. A., Thrust Eﬃciency, Energy Eﬃciency, and the Role of
the VDF in Hall Thruster Performance Analysis, 43rd AIAA/AS-
ME/SAE/ASEE Joint Propulsion Conference and Exhibit, Vol. AIAA
2007-5270, Cincinnati, Ohio, July 8-11, 2007
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Industry Oﬀerings
Industry Hall thrusters available at low voltages include the Busek2 BHT-200
which operates at 250 V nominally at 200 W and Alta’s XHT-100. Alta’s thruster
was created by scaling their 1 kW thruster to design the main propulsion system
for a micro or minisatellite that operates nominally at 180 V and 100 W achieving
only 22% eﬃciency[18]. Neither model is capable of high thrust to power but is
geared for low power operation.
2.5 Previous Research
In 2005, TsNIIMASH reported ∼ 45% eﬃciency for a TAL (Thruster with An-
ode Layer) thruster operating at 200 V and 3.5 mg/s ﬂow of xenon for a thrust
to power ratio of 73 mN/kW. They further demonstrated that the power and
thrust can be linearly scaled with thruster arrays or clusters (maintaining the
same thrust-to-power ratio as an individual thruster) [19]. Clusters also add mass
and complexity to the system that could be alleviated by a single thruster with
identical capabilities. Though, this approach does have the beneﬁt of redundancy.
Research has shown that alternative propellants such as bismuth lower the
cost of ionization, a power loss aggravated at low discharge voltages [3, 20]. Ad-
ditionally, as a heavier atom than xenon, bismuth would also decrease the exit
velocity for a given discharge voltage according to Eq. 2.14. Performance data
for bismuth Hall thrusters, however, are not yet available. Also, using alternative
propellants will beneﬁt high thrust-to-power operation, but does not address the
physics inhibiting high eﬃciency at low discharge voltages.
In 2003, Manzella experimented on the NASA-120M and NASA-457M Hall
thrusters and narrowed the leading loss mechanism to voltage utilization eﬃciency
or ionization eﬃciency of low voltage operation. The devices in the aforementioned
study were operated as low as 100 V on the anode at < 25% eﬃciency[21]. The
study achieved upwards of 80 mN/kW with the larger of the two thrusters the
457M. The data included thrust measurements, mass ﬂow settings, and discharge
power supply readings. With this information, the ionization fraction and exit
velocity are indeterminate. Hence, the loss mechanisms can only be postulated
without probe data.
Referring back to ﬁgure 2.6, the top two performers in the thrust to power
category were the 173Mv1 and Mv2 in the work done by Hofer (2002-2004) [8,
22, 5]. This work, however, was focused on high discharge voltage data ranging
from 300 - 1000 V. The superior magnetic ﬁeld design beneﬁted the thrusters
2http://busek.com/halleﬀect.html#low
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eﬃciency and thus thrust-to-power ratio. Results for voltages below 300 V were
not published.
The most recent and most relevant work in low voltage Hall thrusters was
performed by Dan Brown. Brown used a 6 kW laboratory thruster to perform
exhaustive probe and thrust stand measurements for discharge voltages of 300
V down to 105 V at both 20 mg/s and 10 mg/s propellant ﬂow rates. At 20
mg/s, Brown showed a maximum thrust-to-power of 86.4 mN/kW at a discharge
voltage of 120 V. To date, this is the largest published thrust-to-power ratio in the
community literature. At 100 V Vd the ratio dropped as the thrust eﬃciency fell
from 41% to 34%. The recycled electron current was the dominant loss mechanism
at 71% current eﬃciency. The voltage utilization eﬃciency, however, saw the
greatest change, -14%, when the discharge voltage was reduced from the nominal
300 V down to 105 V.
In the 10 mg/s case, the maximum thrust-to-power was 85.5 mN/kW and the
current eﬃciency was also the dominant loss mechanism. Here, current eﬃciency
exhibited the greatest change, -16%, from the nominal discharge voltage at this
ﬂow rate. All measurements in all test cases were taken at maximum thrust
eﬃciency for a given discharge voltage.
2.6 Contribution
The research herein bolsters the experimental data for Hall thrusters operating
at low voltages. As previously noted, there are unfortunately very few studies
aimed at understanding the link between low voltage operation and the poor
thrust eﬃciency that results. Brown’s dissertation work took great strides in
this arena, and it is the goal of this work to make an additional contribution.
Speciﬁcally, this experiment utilizes internal probe data that allow for a more
in depth understanding of the acceleration and ionization processes seen in the
low voltage thrusters. To date, internal probe studies have only been performed
on nominal to high voltage Hall thrusters. A traditional set of external probe
measurements and thrust stand studies are also included in this dissertation as
a means of comparison against the internal data and serve as a benchmark for
overall operation of the Hall thruster examined. Another unique facet of this work
is the inclusion of oﬀ peak thrust eﬃciency measurements. In typical operation,
a Hall thruster is tuned to maximum thrust eﬃciency as controlled by the proper
tuning of the magnet coil current, and there is little reason to investigate oﬀ-peak
characteristics. In low voltage operation, it will be shown that several of the staple
behavioral operating characteristics diﬀer from nominal operation. As such, it is
believed that new insights in the peculiarities of low voltage operation might be
brought into light with a wider envelope of testing characteristics. Oﬀ-peak thrust
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eﬃciency probe studies such as this are a rarity in the ﬁeld.
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Chapter 3
Loss Mechanisms as a Function of
Discharge Voltage
This ﬁrst experiment was a parametric study of an commercial grade Hall thruster
operated at low voltages. The goal of this work was to create benchmark of
operation for the BPT-2000 as a low voltage thruster by implementing a variety
of thrust stand and probe studies.
The study was broken up into two parts: First, the thruster was mounted on a
thrust stand where, in addition to thrust measurements, power consumption and
mass ﬂow data were recorded. Secondly, the thrust stand was removed and the
Hall thruster was rigidly mounted while two probe diagnostics were swept through
the subset of the thrust stand test matrix. The two probe diagnostic tools were
a Faraday probe and a retarding potential analyzer (RPA). The results of the
two stages of the experiment were combined to provide thrust, beam divergence,
current, and voltage utilization eﬃciencies.
3.1 Equipment & Facilities
3.1.1 BPT-2000 Hall Thruster
All measurements in this dissertation were taken on an Aerojet BPT-2000 a 2kW
class Hall thruster designed to operate nominally between 300 V and 500 V [1].
Previous work with this thruster was the subject of numerous other studies [2, 3,
4, 5, 6, 7].
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(a) Thruster Oﬀ (b) Thruster Operating on Krypton
Figure 3.1: The Aerojet BPT-2000 Hall thruster
3.1.2 Cathode
A laboratory-grade LaB6 cathode was used for testing at a constant ﬂow of 0.3
mg/s xenon. All eﬃciency values, both referenced and presented, exclude cathode
ﬂow and heater power. The details of cathode and its construction have been in
several other studies [3].
3.1.3 Vacuum Tank and Pumps
The xenon testing facility is a 2-m diameter and 4-m long vacuum chamber. The
thruster is mounted at the radial center 1 m from the end of the tank (see Figure
3.2).
Rough vacuum is reached by a 400-cfm two-stage rotary oil-sealed pump. High
vacuum is reached and maintained by two 48-inch cryopumps that operate at
120,000 L/s (N2). Chamber base pressure was 1×10−6 Torr, and the pressure did
not exceed 4×10−5 Torr (corrected for xenon) during thruster operation.
3.1.4 Thrust Stand and Mass Flow Controllers
Thrust measurements were taken via an inverted-pendulum thrust stand [8]. The
displacement created by the Hall thruster is recorded by a linear voltage dis-
placement transducer (LVDT). Details of the thrust stand can be found in Som-
merville’s dissertation [3]. The thrust stand is water cooled to alleviate thermal
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Hall ThrusterProbe
Path of Probe
XY Motion Table
Rotational Motion Table
Thrust Stand
Vacuum Tank
Figure 3.2: A top down view of the inside of the xenon Hall thruster
testing facility
drifts and its level is monitored by a tilt sensor accurate to one half an arc second.
The thrust stand was calibrated before each change in mass ﬂow rate.
Anode and cathode propellant feeds are controlled by thermal mass ﬂow con-
trollers that used MKS PR-4000’s as front panels. All ﬂow rates were corrected
for xenon.
Feed Line Model Maximum Flow
Anode MKS - 1179A22CS1BV 200 SCCM
Cathode MKS - 1479A21CS1AM 20 SCCM
Table 3.1: Mass ﬂow system
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Table 3.2: Thrust stand testing matrix. Many of the lower voltages
were not recorded for 4 and 5 mg/s.
Anode Voltage (V) Mass Flow Rate (mg/s)
300 5
275 5
250 5
225 5
200 5
180 5
300 4
275 4
250 4
225 4
200 4
180 4
160 4
140 4
300 3
275 3
250 3
225 3
200 3
180 3
160 3
140 3
120 3
100 3
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3.2 Testing Matrices
3.2.1 Thrust Stand Experiment
Table 3.2 shows the operating conditions used in the thrust stand portion of the
experiment. The Hall thruster was only able to complete entire 300 V - 100 V
test range when operating at 3 mg/s ﬂow rate. At the higher mass ﬂow rates the
thruster ran unstably or not at all in most cases.
At each operating condition, the magnets were adjusted to obtain the maxi-
mum thrust eﬃciency as calculated by thrust stand diagnostics.
3.2.2 Probe Study Experiment
Due to the volume of data to be collected, the probe study test matrix is a subset
of the thrust stand test matrix.
Table 3.3: Probe study testing matrix. The probe study was con-
ducted over a subset of the thrust stand testing matrix.
Anode Voltage (V) Mass Flow Rate (mg/s)
300 5
250 5
200 5
300 4
250 4
200 4
140 4
300 3
250 3
200 3
140 3
100 3
3.3 Retarding Potential Probe
The RPA grid wires are 0.114 mm in diameter with 0.140 mm spacing resulting
in a 30% open area. Each grid is 0.254 cm from each other with the exception
of the front ﬂoating grid which is 0.508 cm from the ﬁrst electron repeller. The
outer diameter of the grids is 1.235 cm, and the outer diameter of the body of
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the probe is 3.170 cm. The current collected by the probe was passed through a
Femto DLCPA-200 current ampliﬁer and recorded by an oscilloscope. The RPA
probe was placed 0.55 m downstream from the thruster faceplate at 0◦, 15◦, and
30◦ to the thruster centerline. Figure 3.3 is a picture of both the Faraday probe
and the RPA probe mounted on the rotational axis.
Figure 3.3: RPA probe on the left and Faraday Probe on the right
RPA Referencing
The anode and RPA were both referenced to the cathode potential during data
acquisition. In calculating the voltage utilization eﬃciency, the repelling voltages
were adjusted to be referenced to ground potential. The ion-energy per charge
distribution is dependent on the local plasma potential at the position of the probe.
Even though the retarding grid is referenced to cathode, the energy acquired by
the ions is equal to the potential drop between the discharge potential and the local
plasma potential. In the absence of the probe, the ions will continue to accelerate
until they reach their terminal potential, which, in the case of ground testing, is
the tank wall (ground) potential. Hence, RPA measurements are sensitive to the
location of the probe. Thus, to remove the positional dependence of the RPA,
knowledge of both the local plasma potential and cathode-to-ground potential
is necessary. Assuming that the RPA grids are referenced to ground the energy
values can be corrected by
〈ion
q
〉
=
〈rpa
q
〉
− Φctg + Φplasma, (3.1)
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where the charge number is assumed to be unity and on the left hand side is the
ion energy to be used in the correct calculation of Eq. 2.13.
RPA traces were taken at 0◦, 15◦, and 30◦, and average ion energy values were
linearly interpolated for angles in between 0◦ and 15◦ and in between 15◦ and
30◦. The energy values from 30◦ out to 53◦ were assumed to be constant. While
the validity of this extrapolation is admittedly unknown, past studies indicate
the approach is reasonable. King’s RPA results on a 1.5 kW-class Hall thruster
showed that measured probe values varied less than 5% from 30◦ to 60◦ [9]. An
assumption of 5% error in the high-angle extrapolated probe values propagates
through the integral as 2% uncertainty in the calculation of Eq. 3.2. Finally, the
traces are weighted against the current distribution function from the Faraday
data and integrated to obtain the overall voltage utilization eﬃciency. Thus, by
equation 3.2 the ﬁnal values for ηV are obtained and are shown in ﬁgures 7.1 to
7.3.
ηV =
∫
ion(θ)j(θ)r
2 sin θdθ
qeVd
∫
j(θ)r2 sin θdθ
(3.2)
3.4 Faraday Probe
The Faraday probe is enclosed in an alumina sheath with an outer diameter of
4.75 mm. A steel guard ring with a diameter of 10 mm was included to reduce
edge eﬀects on the potential structure in front of the probe face. The gap between
the guard ring and collector face is 1.25 mm. Probe data were taken at 0.25 m
radius from the front plate of the thruster through a half-angle of 53◦ with an
angular resolution of 2◦. Figure 3.4 shows an example of current density recorded
by the Faraday probe for ﬁve diﬀerent anode voltages and a ﬂow rate of 3 mg/s.
To calculate the beam divergence eﬃciency, ηB, from the raw Faraday data, the
current density values, j(θ), must be integrated across the hemisphere representing
the entire plume of the thruster, as shown in equation 3.3.
ηB = 〈cos β〉2 =
(∫ cos θj(θ)r2 sin θdθ∫
j(θ)r2 sin θdθ
)2
(3.3)
3.5 Results
3.5.1 Thrust Eﬃciency
The thrust stand measurements in ﬁgure 3.5 show the thruster operated at above
50% thrust eﬃciency for all three mass ﬂow rates at 300 V. The data here is
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Figure 3.4: Faraday probe sweeps 250 mm downstream for 3 mg/s
ﬂow rate at ﬁve diﬀerent discharge voltages
comparable with the data from King after the cathode operation is accounted
for[1].1 At Vd = 100 V, maximum thrust eﬃciency was 15% for 3 mg/s.
Discharge Current
The discharge current was also measured during the thrust stand portion of the
experiment. The results are plotted against the discharge voltage in Figure 3.6.
The current levels were nearly constant for each mass ﬂow rate until the discharge
voltage dropped below 200 V where the current increased rapidly; again, this
increase in current is the result of the magnetic ﬁeld being optimized for maximum
ηT .
Thrust-to-Power ratio
Taking the thrust measurements from Figure 3.5 and dividing by the product of
the anode voltage and discharge current results of Figure 3.6, we get the thrust-
to-power ratio, plotted in Figure 3.7. Although the thrust-to-power ratio does
increase when the voltage decreases from the nominal 300 V to 250 V, it is by
1For the 300 V data. Data for discharge voltage lower than 300 V was not available for
comparision.
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Figure 3.5: Thrust eﬃciency as determined by thrust measurements.
Error bars are calculated based on the reproducibility of calibration
measurements both during operation and when the thruster is turned
oﬀ.
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Figure 3.6: Discharge current at max ηT . Uncertainty is ±0.05 A
based on manufacturer’s speciﬁed uncertainty for the discharge power
supply.
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Figure 3.7: Thrust to Power ratio for the BPT-2000 operating on 3
mg/s of xenon.
less than 10%. More importantly, the ratio begins to decrease monotonically
afterwards. This will be examined in greater detail in the discussion chapter.
3.5.2 Voltage Utilization Eﬃciency
Figures 3.8 - 3.10 display the integrated ion-energy per charge distributions for
three oﬀ-axis angles. The greatest change in eﬃciency occurred in the 3 mg/s
experiments where the voltage utilization eﬃciency dropped from 76% at 300 V
to 54% at 100 V when the probe was positioned 30◦ oﬀ-axis. As seen with other
Hall thrusters, the voltage utilization eﬃciency decreases with increasing oﬀ axis
angle[9]. The dominant error in ﬁgures 3.8 to 3.10 came from the uncertainty in
the integrated ion-energy per charge distributions due to noise in the recorded
δI/δV trace.
3.5.3 Beam Divergence Eﬃciency
Using equation 3.3, Figure 3.11 was calculated with the assumption that the plume
is axisymmetric. As a result, beam divergence eﬃciency is subject to underesti-
mation based on the positioning of the Faraday probe. An accurate sweep would
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be positioned directly over the apex of the beam proﬁle. If the probe is positioned
oﬀ apex center, it will result in a sweep that reports an artiﬁcially low integrated
beam current. The error can be estimated by assuming a maximum vertical probe
misalignment of dx =3 cm yielding a maximum error in the calculation of ηB of
3.5%. Additionally, there is an unaccounted error due to the hemispherical inte-
gration of charge exchange ions at high angles common to Faraday probe results
[10].
3.5.4 Current Eﬃciency
Current eﬃciency, ηc, is seen in Figure 3.12 where Id is measured directly from the
discharge supply. The beam current, Ii, is obtained from an integration of j(θ) as
measured by the Faraday probe. Current in the beam outside the probe’s max-
imum oﬀ-axis angle of 53◦ was not collected, and therefore, Ii is a lower bound.
By using a linear extrapolation of the probe sweeps from 53◦ to 90◦(assuming
0 A/m2 at 90◦) the amount of current that is omitted from the integration was
estimated. This technique indicates the ηc calculations have a maximum under-
estimation error of 12% of the stated value due to the uncollected portions of the
beam. Previous studies have shown, however, that the beam dies oﬀ much faster
than linearly, and therefore, this error is a conservative estimate. The eﬃciency
decays linearly from 300 V - 160 V and then begins to decline more rapidly.
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Figure 3.11: Beam divergence eﬃciency as calculated by Eq. 3.3
from Faraday probe sweeps 250 mm downstream
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Figure 3.12: Current eﬃciency as a function of discharge voltage
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3.6 Summary
Table 3.4 is summary of all of the ﬁndings in this experiment. Plasma-to-cathode
values are displayed as determined by the emissive probe at 0.55 m downstream
0◦ oﬀ axis. The probe studies measured three of the four loss mechanisms com-
prising thrust eﬃciency. The eﬃciency velocity distribution function, ηvdf , was
not obtained, and therefore, ideally, the ’probe eﬃciency’ is an upper bound on
the thrust eﬃciency. Probe eﬃciency is deﬁned as
ηprobe = ηvηcηB =
ηT
ηvdf
. (3.4)
Although there was a monotonic drop in beam divergence as the discharge
voltages were decreased, the change amounted to a small fraction of the decreas-
ing thrust eﬃciency. The more interesting results are in the current eﬃciency and
voltage utilization eﬃciencies. The current eﬃciency suﬀered greatly at low volt-
ages and was the dominate loss mechanism which is inline with what Brown found
in his work [?]. This is not altogether surprising in that the magnetic ﬁeld was
necessarily tuned to a very low level to obtain maximum thrust eﬃciency. The
end eﬀect is that electron trapping force at the exit plane is reduced and many
more electrons than necessary are collected at the anode. Thus, the poor current
eﬃciency is easy to explain. Why the maximum thrust eﬃciency occurred at such
a low magnetic ﬁeld, however, value is not. The coupled decrease in magnetic ﬁeld
strength with decreasing discharge voltage to maintain maximum thrust eﬃciency
has been well observed in the community, but has never been fully explained. In
part, this observation fueled the design of the oﬀ-peak eﬃciency probe studies of
the following chapter (test 2).
The voltage utilization eﬃciency, VUE, also exhibited peculiar behavior. The
decrease in magnetic ﬁeld strength did not overly seem to be detrimental to the
VUE. In addition, two of the lowest magnetic ﬁeld values tested showed an increase
in voltage utilization eﬃciency over their higher/nominal magnetic ﬁeld values.
To date, this phenomenon had not been recorded before.
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300 2.85 3 65.63 -27.00 46.10 0.78 0.80 0.78 0.49 0.50
250 2.84 3 57.12 -26.30 41.85 0.74 0.78 0.78 0.45 0.46
200 2.89 3 45.62 -22.50 35.07 0.72 0.77 0.77 0.43 0.36
140 3.59 3 31.96 -13.90 18.53 0.70 0.73 0.62 0.31 0.20
100 4.81 3 26.77 -9.70 12.61 0.72 0.69 0.46 0.23 0.15
300 3.92 4 73.60 -28.10 49.88 0.79 0.81 0.76 0.48 0.58
250 3.90 4 63.82 -25.90 44.29 0.76 0.80 0.76 0.46 0.52
200 3.99 4 51.40 -24.60 37.65 0.71 0.77 0.74 0.41 0.41
140 6.26 4 43.44 -11.10 17.88 0.80 0.71 0.47 0.27 0.27
300 4.96 5 72.63 -28.70 54.32 0.80 0.82 0.75 0.49 0.59
250 5.01 5 64.71 -24.40 45.39 0.79 0.81 0.74 0.47 0.56
200 5.15 5 53.21 -23.90 41.28 0.74 0.78 0.72 0.42 0.46
Table 3.4: Comprehensive summary of all η values
42 CHAPTER 3
Bibliography
[1] King, D., Tilley, D., Aadland, R., Nottingham, K., Smith, R., Roberts, C.,
Hruby, V., Pote, B., and Monheiser, J., “Development of the BPT family
of U.S.-designed Hall current thrusters for commercial LEO and GEO appli-
cations,” 34th AIAA/ASME/SAE/ASEE Joint Propulsion Conference and
Exhibit , Vol. AIAA-1998-3338, Cleveland, Ohio, July 13-15 1998.
[2] Kieckhafer, A., The Eﬀect of Segmented Anodes on the Performance and
Plume of a Hall Thruster , Ph.D. thesis, Michigan Technological University,
2007.
[3] Sommerville, J. D., Hall-Eﬀect Thruster–Cathode Coupling: The Eﬀect of
Cathode Position and Magnetic Field Topology , Ph.D. thesis, Michigan Tech-
nological University, 2009.
[4] Sommerville, J. D. and King, L. B., “Ion-Collision Emission Excitation Cross
Sections for Xenon Electric Thruster Plasmas,” Journal of Propulsion and
Power , Vol. 24, No. 4, July-August 2008, pp. 880–888.
[5] Kieckhafer, A. W., Massey, D. R., and King, L. B., “Performance and Active
Thermal Control of 2-kW Hall Thruster with Segmented Electrodes,” Journal
of Propulsion and Power , Vol. 23, No. 4, July-August 2007, pp. 821.
[6] Ross, J. L. and King, L. B., “Energy Eﬃciency in Low Voltage Hall
Thrusters,” 43rd AIAA/ASME/SAE/ASEE Joint Propulsion Conference
and Exhibit , Vol. AIAA-2007-5179, Cinncinatti, OH, July 8-11 2007.
[7] Ross, J. L. and King, L. B., “Eﬃciency Analysis of a Low Discharge Voltage
Hall Thruster,” 44th AIAA/ASME/SAE/ASEE Joint Propulsion Conference
and Exhibit , Hartford, CT, July 20-23 2008.
[8] Haag, T. W., “Design of a thrust stand for high power electric propulsion
devices,” 25th AIAA/ASME/SAE/ASEE Joint Propulsion Conference & Ex-
hibit , Vol. AIAA-1989-2829, Monterey, CA, July 10-13 1989.
44 CHAPTER 3
[9] King, L. B., Transport-Property and Mass Spectral Measurements in the
Plasma Exhaust Plume of a Hall-Eﬀect Space Propulsion System, Ph.D. the-
sis, University of Michigan, 1998.
[10] Larson, C. W., Brown, D. L., and Hargus, W. A., “Thrust Eﬃciency, Energy
Eﬃciency, and the Role of the VDF in Hall Thruster Performance Analysis,”
43rd AIAA/ASME/SAE/ASEE Joint Propulsion Conference and Exhibit ,
Vol. AIAA 2007-5270, Cincinnati, Ohio, July 8-11 2007.
Chapter 4
Loss Mechanisms as a Function of
Magnet Current
The parametric study presented in the last chapter isolated two loss mechanisms
of interest: the voltage utilization eﬃciency ηv, and the current eﬃciency, ηc. The
points of interest were:
• At 150 V Vd - 4 mg/s and at 100 V - 3 mg/s the voltage utilization eﬃciency
indicated an increase in ηv for the lowest anode potentials.
• At low discharge voltages, the maximum thrust eﬃciency did not correspond
to the minimum discharge current.
The ﬁrst point was far from conclusive and simply warranted further inves-
tigation. The second point, however, is in conﬂict with existing data at higher
discharge voltages, where it is well known that thrust eﬃciency peaks when the
discharge current is minimized by magnetic tuning [1]. The english translation of
the 1989 Russian papers titled ”Satsionarnyye plasmennyye dvigateli” stated:
... it was found that for ﬁxed values of Vd and m˙ there is an
optimum value of the magnetic ﬁeld induction at which the maximum
eﬃciency is obtained. Thus, the value of the discharge current Id
reaches a minimum [2].
Since this was the not case for the low-voltage thruster, an experiment was
designed to investigate these loss mechanisms as a function of changing magnet
current. In a parallel study, Brown also found that minimum current to the anode
was not synonymous with maximum eﬃciency for his 6 kW low voltage thruster[3].
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4.1 Experimental Design
The setup for this experiment was similar to the ﬁrst, with both a thrust stand
section and external probe section. Originally, this test was performed with xenon
as the propellant in 2007. Shortly thereafter, the cost of xenon became cost pro-
hibitive for testing. Therefore, the same experiments, with a reﬁned test matrix,
were performed with krypton one year later under the assumption that the ref-
erenced xenon data would not be used. Fortunately, the cost of xenon fell, both
original propellants were able to be used for the ﬁnal high-speed probe experiment.
In the end, having the two sets of data simply strengthens the conclusions of this
experiment. It is regrettable, however, that the test matrices create some discon-
tinuity in their presentation in this chapter. This was resolved for the high-speed
probe test.
4.1.1 Test Matrices
For this round of experiments, the thrust stand test and the probe study used the
same set of operating parameters for a given propellant. However, as previously
noted, the matrices diﬀer between propellants (see table 4.1(a) and 4.1(b)). A
single ﬂow rate of 3 mg/s case was chosen for xenon since, in the parametric
study, it was the only ﬂow rate to successfully complete the entire 300 - 100
V test range. Additionally, neither of the two ”points of interest” motivating
this experiment were ﬂow rate dependent. In a preliminary experiment it was
determined that 5 mg/s resulted in the most stable operation at low voltages for
krypton, and therefore was used for all subsequent testing.
4.1.2 Equipment
All of the equipment used, including the thruster, tank, probes etc. remain un-
changed from the previous test with one exception. Due to an onsite parallel
testing on the eﬀects of cathode positioning, the choice was made to universalize
the mounting location of the cathode on top of the thruster which positioned the
exit oriﬁce slightly further away from the centerline of the Hall thruster [4]. This
positioning was maintained for Test 3 for the internal probe studies. In com-
parison to Test 1, the eﬀects on thrust eﬃciency are negligible at high discharge
voltages, but negatively eﬀected the performance at low discharge voltages. This
can be attested to the separatrix theories of Sommerville’s work and should be
referenced for more information [4]. As all comparative results and conclusions
at the end of this dissertation were drawn from Test 2 and Test 3, this does not
aﬀect their validity.
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Table 4.1: Test parameters for xenon and krypton
(a) Xenon test matrix
Vd (V) Im (A) m˙ (mg/s)
200 2.50 3
200 2.25 3
200 2.00 3
200 1.75 3
200 1.50 3
200 1.25 3
200 1.00 3
200 0.75 3
200 0.50 3
200 0.25 3
150 2.50 3
150 2.25 3
150 2.00 3
150 1.75 3
150 1.50 3
150 1.25 3
150 1.00 3
150 0.75 3
150 0.50 3
150 0.25 3
100 2.50 3
100 2.25 3
100 2.00 3
100 1.75 3
100 1.50 3
100 1.25 3
100 1.00 3
100 0.75 3
100 0.50 3
100 0.25 3
100 0.16 3
100 0.06 3
100 0.00 3
(b) Krypton test matrix
Vd (V) Im (A) m˙ (mg/s)
300 3.00 5
300 2.50 5
300 2.00 5
300 1.50 5
300 1.00 5
250 3.00 5
250 2.50 5
250 2.00 5
250 1.50 5
250 1.00 5
200 3.00 5
200 2.50 5
200 2.00 5
200 1.50 5
200 1.00 5
150 3.00 5
150 2.50 5
150 2.00 5
150 1.50 5
150 1.00 5
150 0.75 5
150 0.50 5
125 3.00 5
125 2.50 5
125 2.00 5
125 1.50 5
125 1.00 5
125 0.75 5
125 0.50 5
125 0.25 5
100 3.00 5
100 2.50 5
100 2.00 5
100 1.50 5
100 1.00 5
100 0.75 5
100 0.50 5
100 0.25 5
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4.2 Thrust Stand Results
4.2.1 Thrust Eﬃciency
Thrust eﬃciency as a function of magnet current can be seen in Figure 4.1 for
xenon and in Figure 4.2 for krypton. See chapter 3 for an explanation of the
thrust stand and supporting equipment.
For both propellants, at high voltages, a discrete and signiﬁcant decrease in
thruster eﬃciency occurs as the magnet current is lowered. Although not visible
for the 200 V krypton case, a drop in eﬃciency occurred at 0.74 A on the magnets
during testing. The thruster did not run stably enough, however, to record the
eﬃciency at magnet currents below 1.0 A for the 200 V case. This drop in thrust
eﬃcicney was seen for both propellants at all discharge voltages greater than 150
V. This transition was accompanied by a visible change in the plume structure
from a columnated beam to a glow discharge. This transition was never seen in the
lower voltages, below 200 V, because the plume retained a glow discharge over the
entire range of magnet voltages. Figures 4.3 and 4.4 display the visual diﬀerences
between the two diﬀerent plume modes. This transition may indicate a change in
the plasma formation structure of the Hall thruster, partially motivating the deep
probe sweep of the following chapter.
4.2.2 Discharge Current
Figures 4.5 and 4.6 show the discharge current as a function of magnet current.
With increased magnet current, the discharge current plateaus at the higher volt-
ages. This is a commonly seen phenomena in Hall thrusters. Several of the testing
matrix points were omitted where the thruster struggled to remain on.
For xenon, the minimum current to the anode occurred at the maximum mag-
net current, 3 amps, for all three trials. The maximum thrust eﬃciency, however,
occurred at 1.75 A, 1.50 A and 0.5 A for 200 V, 150 V, and 100 V Vd respectively.
The misalignment between minimum current to the anode and maximum thrust
eﬃciency supports ﬁndings from chapter 3, and also indicates that maximum
current eﬃciency and maximum thrust eﬃciency will not coincide.
The magnet current values for maximum eﬃciency and for minimum current
for krypton do not align either, see table 4.2.
4.2. THRUST STAND RESULTS 49
0.5
0.4
0.3
0.2
0.1
0.0
Th
ru
st
 E
ffi
cie
nc
y
3.02.52.01.51.00.50.0
Magnet Current (A)
 200 V
 150 V
 100 V
Figure 4.1: Thrust eﬃ-
ciency for xenon
0.5
0.4
0.3
0.2
0.1
Th
ru
st
 E
ffi
cie
nc
y
3.02.52.01.51.00.50.0
Magnet Current (A)
 300 V
 250 V
 200 V
 150 V
 125 V
 100 V
Figure 4.2: Thrust eﬃ-
ciency for krypton
Figure 4.3: Glow Discharge Figure 4.4: Collimated
Beam
50 CHAPTER 4
Table 4.2: Magnet current values corresponding to maximum eﬃ-
ciency and minimum current to the anode for krypton
Vd (V) Im for max ηT Im for min Id
300 2.5 2.5
250 1.5 2.0
200 1.0 3.0
150 1.0 3.0
125 0.5 3.0
100 0.5 1.5
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Figure 4.5: Discharge cur-
rent for xenon
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4.2.3 Thrust-to-Power
Thrust-to-power ratios were recorded and displayed as a function of magnet cur-
rent in Figures 4.7 and 4.8. For both propellants the greatest magnet current
resulted in the best thrust-to-power ratio for the 100 V cases. Interestingly, a sec-
ond maxima occurred near the peak thrust eﬃciency magnet current level. Thrust
eﬃciency is quadratically dependent on the exit velocity, whereas the thrust-to-
power is only linearly dependent on it,
ηT =
T 2
2m˙Ps
=
m˙Ue
2
2Ps
(4.1)
T
Ps
=
2ηT
Ue
=
m˙Ue
Ps
. (4.2)
Therefore, to see the thrust-to-power increase at a magnet current value corre-
sponding to a low thrust eﬃciency indicates the voltage utilization eﬃciency must
be low. This is veriﬁed in Figures 4.10 and 4.11.
4.3 Probe Study
4.3.1 Current Eﬃciency
Faraday data, as recorded by the procedure outlined in chapter 3, yields beam
divergence data and beam current data. The beam current is calculated by in-
tegrating the total current recorded by the Faraday probe around a hemisphere
to obtain the current eﬃciency. Due to a computer failure, however, the faraday
data for much of the xenon portion of the test was lost. Due to the direction the
research was set to take after this set of experiments, it was decided not to go
back and retake data. Thus, only the Krypton current eﬃciency data is presented
here.
Current eﬃciency is plotted in Figure 4.9. In the highest voltage cases, a dip
in current eﬃciency is seen at the greatest magnet currents. In the thrust-to-
power and thrust eﬃciency graphs, a similar dip eﬃciency (within the error bars)
is seen for all discharge voltages greater than 150 V for both propellants. Barring
the improbable possibility that the increase in magnetic ﬁeld strength resulted in
an increase in back streaming electrons, this indicates the magnet ﬁeld strength
became too strong to allow the propellant to becoming fully ionized. In other
words, the thruster began to eject an increasing fraction of neutrals.
At the lowest of discharge potentials, the current eﬃciency increases with
decreasing magnet current. Since the discharge current increases rapidly as can
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be seen in ﬁgure 4.6 it can be noted that this increase in current eﬃciency is due to
a drastically increased ionization fraction. At low discharge voltages, the electrons
are not energized suﬃciently to overcome the nominal magnetic ﬁeld strength to
sustain full ionization of the propellant. This, in part, is why it has historically
been empirically shown that decreasing the discharge voltage requires a decrease
in the magnetic ﬁeld strength to increase thrust eﬃciency.
4.3.2 Voltage Utilization Eﬃciency
The voltage utilization eﬃciencies (VUE) as recorded by the RPA probe are shown
in Figures 4.10 and 4.11. The most important piece information here is that the
voltage utilization eﬃciency is in fact increasing with decreasing magnet current,
which is an eﬀect that has been rarely, if ever, seen in published data. The
hypothesis here is that the reduced magnetic ﬁeld strength allows for an increase
in back streaming of electrons. This is validated by the increase anode current
shown previously. The additional inﬂux of electrons in the discharge chamber
causes ionization deeper inside the chamber. It is theorized that the ions are
being created in regions of higher electrical potential when the magnet current is
low. The subsequent test (chapter 5) was designed, in part, to directly validate
or refute this hypothesis.
The considerable VUE gain in the 100 V and 150 V case that krypton exhibit
over xenon is also notable. Conversely, at 200 V, xenon surpassed krypton in
VUE. This conﬁrms the earlier claim that the decrease in thrust eﬃciency at
peak thrust-to-power is an indication of low voltage utilization eﬃciency.
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A sample of the raw data for krypton at 125 V is shown in ﬁgures 4.12 -
4.14. It can be clearly seen that the current to the probe is much greater at the
low magnet current levels. This supports the increase in current eﬃciency shown
earlier in ﬁgure 4.9. Furthermore, a shift in the IV curve to higher voltages with
lower magnet current exists, validating the increase in voltage utilization seen in
ﬁgure 4.11
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Figure 4.12: Raw RPA IV curves for krypton at 125 V for various
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Chapter 5
Design of the High-Speed Probe
System
The High-speed Probe System (HPS) was designed to obtain electron temperature,
ion density, and plasma potential for the low-voltage Hall thruster both outside
and inside the discharge chamber. From these values the acceleration zone and
ionization zone can be inferred for low voltage and low magnet current operation
as will be discussed in chapter 7. The system includes the motion table, the AC
servo drive system, the double Langmuir probe and accompanying data acquisition
system.
5.1 Introduction
Chapter 4 concluded that voltage utilization eﬃciency was increasing with decreas-
ing magnet current. This indicated that the plasma acceleration region and/or
ionization zone may have moved in axial direction. In order to ﬁnd out, the elec-
tron temperature, ﬂoating potential, and plasma potential as a function of the
axial direction are needed. Furthermore, since most of the physics of interest
happen very close to the anode, measurements will have to include axial locations
within the discharge chamber.
In order to take probe measurements inside the discharge chamber, a quick
delivery system was necessary to prevent large plasma perturbations and probe
ablation and melting. The design and idea of a high-speed probe system was
taken from Haas’ work in internal Hall thruster measurements [2]. From his work,
ﬁgure 5.1 depicts the melting time of a probe within a plasma for various peak
magnetic ﬁelds as a function of axial electric ﬁeld[1]. The 146 ms value identiﬁed
on the graph is for the Fakel SPT-70 Hall thruster. For our Hall thruster, the
BPT-2000, operating at voltages of 300 V and below, 500 ms of residence time
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within the discharge chamber based on ﬁgure 5.1 is permitted.
In addition to ablation of the probe, plasma perturbation is of concern. With-
out an exact way to predict the discharge current perturbations our system was
going to cause, a goal of maximum discharge chamber residence time of 100 ms
was set. This goal was designed to be in line with a similar system researched [2].
Figure 5.1: Resident melting time of an electrostatic probe in the
discharge chamber of a Hall thruster as a function of magnetic and
electric ﬁeld strength: J. M. Haas and A. D. Gallimore. ”Devel-
opment of a high-speed, reciprocating electrostatic probe system for
hall thruster interrogation”. Review of Scientic Instruments, 71(11),
November 2000.
A total of 3 table conﬁgurations, 6 servo motors, and countless motor-table
couplings were tested before a ﬁnal product was completed. This chapter outlines
the ﬁnal system in its entirety beginning with the mechanical components and a
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fast motion camera test verifying operation. The design, theory of operation, and
analysis of the double Langmuir probe are then discussed, and lastly the in-test
current oscillations induced by the probe system are shown.
5.2 Motion Table
To limit production time and complication, a goal was set to use as many oﬀ-the-
shelf parts for the system as possible. Since the laboratory in use was already ﬁtted
with several motion table systems by the manufacturer Techno-isel, these were
utilized for the HPS1. Aa the manufacturer’s standard DC servo motor oﬀered
by the company proved invapable of the acceleration requirements necessary, a
Techno-isel Narrow Proﬁle Siled 2 was provided for use.
The motion table, part # HL31NPMK0690202X, has a 67 cm functional travel
length driven by a a ball screw with a 20 mm pitch. The factory lubricants were
removed and all parts were cleaned with a combination of acetone and isopropyl.
A derivative of Braycote, Castrol Optitool 215-2, was used to lubricate the ball
screw. Figure 5.2 is the motion table as it was mounted in the tank. The kapton
tape is used to hold on the grafoil and is beyond the end of travel.
5.3 Servo Motor
The tests used an AC servo system from SureServo. The drive, model SVA-2100,
is single phase 220 Volt AC servo with fully conﬁgurable onboard memory. The
drive was paired with the SVL-202 motor rated for a maximum of 200 W and
rated maxium torque of 1.91 Nm. Table 5.1 summarizes the motor speciﬁcations.
A custom water cooling heat sink was mounted to the outside of the servo
to dissipate heat after a failed qualifying vacuum test determined that, in the
absence of convective environment, the servo motor failed from current overload.
Table 5.1: SureServo SVL-200 Servo Motor Speciﬁcations
Maximum Torque 1.91 Nm
Rated Speed 3000 rpm
Optical Encoder 2500 lines
1http://www.technoautomation.com/
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Figure 5.2: Assembled high-speed motion table with mounted double
Langmuir probe
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Coupling
The coupler used to connect the servo motor and motion table was a developed by
R&W Coupling Technology.2 A custom housing was fabricated out of aluminum
to rigidly mount the motor to the table and allow coupler to unite the shafts.
Figure 5.3 shows the servo motor, the aluminum housing and a glimpse at the
cylindrical coupler between the table and motor. The two holes drilled in the
housing were created to allow adjustment to the coupler.
Figure 5.3: Servo motor to motion table coupler
5.4 Fast Motion Camera Test
In order to verify accuracy and velocity of the assembled motion system, a fast
motion camera test was performed. The camera was positioned at the end of travel
and recorded the motion of the table at 1000 fps. This test was performed 10 times
with power cycles to the probe system in between to guarantee repeatability in
the event of a power loss in situ.
In the BPT-2000 the anode face is located 20 mm behind the exit plane. The
probe system was designed to record 18 mm of this space leaving a 2 mm buﬀer
between the probe tip and the anode face. Figure 5.4 shows the two exit plane
frames and end of travel frame and their time stamps indicating a total residence
time of less than 60 ms. 3 The test also veriﬁed the position accuracy of the probe
was consistent to ±0.3mm.
2http://www.rw-america.com/
3Special thanks to Dr. Jeﬀ Allen and Andrew Shafer of Michigan Technological University
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(a) Time = 3 ms (b) Time = 27 ms (c) Time = 58 ms
Figure 5.4: Fast motion camera results showing the probe completing
the simulated ±18 mm round trip from the exit plane to the anode
and back in less than 60 ms. The motion table is driving the platform
from the right to the left in the pictures. The middle picture shows
the point of furthest travel where the center screw in the platform
is visible. The ﬁrst last pictures, nearly identical, show the platform
entering the frame and leaving the frame respectively. The distance
travelled between frames (a) and (b) is 18 mm and the same between
frames (b) and (c).
5.5 Probe Construction
In terms of construction, Langmuir probes are among the simplest diagnostic tools
to create in electric propulsion laboratories. They consist of a dielectric tube with
a protruding refractory metal ﬁlament. Most often, alumina or boron nitride is
used as dielectric material, however, quartz and graphite have also been used [3].
Used were a 2.54 mm OD double bore alumina tube with 0.5 mm OD tungsten
ﬁlaments that protruded 2 mm. Figure 5.5 shows a close up of the probe tips.
Probe analysis varies depending on the size of the probe. The desired analysis,
a Thin-Sheath Limit (TSL), required
ξ =
rp
λd
 1 (5.1)
the ratio of probe radius to debye length to be much greater than 1 where the
debye length is4
for the use of their time and equipment for fast cam test.
4When ξ  1 ”orbit motion limit” (OML) theory must be used.
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Figure 5.5: Close-up of tungsten probe tips for the double Langmuir
probe
λd =
√
0kTe
e2ne
. (5.2)
Assuming a typical electron temperature of 10 eV and a density of 1.5×1018
m−3 the debye length is 19 μm. Our probe radius is 250 μm which means our ξ
is 13.
5.6 Analysis
The presence of the magnetic ﬁeld in the Hall thruster changes the shape of
the sheath surrounding the probe. Since the ions remain unmagnetized, the ion
saturation potential is used to calculate the ion density. The current collected by
a double probe as a function of voltage is,
I(V ) = Isat tanh
( eV
2kTe
)
(5.3)
where Isat is the ion saturation current [3]. Assuming a maxwellian temperature
distribution within the plasma, a custom curve ﬁt is constructed,
f(x) = A tanh(Bx + E) + Cx + D (5.4)
where A,B,C,D and E are the ﬁt coeﬃcients to be solved for. The linear portion
of the curve ﬁt Cx accounts for the growing sheath (eﬀective probe surface area)
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as the voltage is increased. By comparing equations 5.3 and 5.4 the coeﬃcient
A is exactly the ion saturation current. Similarly, the electron temperature in
electron volts is
Te =
1
2B
(5.5)
The ”Bohm Current” or ion saturation current is equal to,
Isat = nieAs
√
kTe
mi
, (5.6)
where ni is the ion density (which is the same as the electron density due to
quasineutrality), As is the probe collecting surface area, mi is the ion mass [4].
Taking the ion saturation current from equation 5.4 and the electron temperature
from equation 5.5 we can solve for the ion density with equation 5.6. The plasma
potential is calculated as
Vp = Vf +
TeV
2
ln
(
2mi
πme
)
(5.7)
where TeV is the electron temperature in electron volts [3].
This process was automated using a combination of Matlab and Igor Pro
scripts to produce the following three parameters of interest for each double probe
trace:
• Electron Temperature
• Electron Density
• Plasma Potential
5.7 Data Aquisition
Data acquisition was performed using isolated analog input modules from National
Instruments and triggered oﬀ the optical encoder clicks of the servo motor. Each
encoder click triggered the recording of current, voltage and ﬂoating potential of
the double probe. Since the servo motor has 2500 line encoder and the ball screw
has 20 mm pitch, 125 data points for each property were recorded per mm. This
results in a collection rate of 93.75 kHz for a servo motor speed of 2250 rpm.
A ﬂoating function generator was used to create a 375 Hz triangle wave to
create the ±40 V sweep between the probes. The frequency was chosen based on
the rotational speed of the servo motor, 2250 rpm, to complete one entire sweep
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every mm at maximum velocity5. This gives a spatial resolution of ±0.5mm for
each I-V curve, however the probe dimensions dictate a ±1 mm uncertainty. The
probe length has a 2 mm collection length, however, since data is recorded every
mm, each data point overlaps 50 % of the region of the previous point and the sub-
sequent point. In this way, a built-in smoothing function is incorporated into the
data collection. This was chosen to double the amount of data recorded per sweep
and reduce the eﬀects of noise. Figure 5.6 shows the voltage sweep and capacitive
current as recorded by the oscilloscope. Due to the fast oscillating voltage, the
internal resistance, and length of cable involved in the system, a capacitive current
is induced in the lines. Input and output impedances of the cables and measuring
equipment were matched to reduce the problem. The capacitive current of the
system in vacuum was a maximum of 120 μA and was subtracted from the traces
in post processing. A diagram of the double probe circuit can be seen in ﬁgure
5.7
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Figure 5.6: Voltage and capacitive current of the sweep circuit. Cur-
rent is in black and voltage in grey.
5.8 Perturbations
Intrusive probe techniques inherently perturb the plasma and thus increase the
uncertainty of the measurements. This problem is aggravated in regions of the
5The rise and decline of the triangle are each considered a complete voltage sweep
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Figure 5.7: Double probe circuit diagram
plasma of where the density and electron energy are very high near the exit plane
of the thruster. One measure of the probe’s induced disturbance is the ﬂuctuations
in the discharge current. Using a high-speed Agilent N2772A 20 MHz diﬀerential
probe, the discharge current was recorded during normal operation and in the
presence of the Langmuir probe at 93.75 kHz. The discharge current data was
divided into subsets corresponding to 1mm of travel of 125 samples each. Each
subset of data is then analyzed for a maximum, minimum and average value. Fig-
ures 5.8 - 5.12 depict these statistics for the discharge current during the approach,
insertion and removal of the Langmuir probe for a variety of test cases. The bot-
tom axis of the ﬁgures is the axial location of the probe relative to the exit plane
where negative values represent places where the probe was inside the discharge
chamber. The dashed lines represent the maximum and minimum current levels
and the bold centerline represents the time averaged discharge current. The plots
represent the inward sweep (in blue) and a portion of the outward sweep (in red).
The region between the two dashed lines in each graph represents the section of
data corresponding to the probe being inside the discharge chamber. The inward
and outward sweep meet at -18 mm, the furthest distance traveled by the probe,
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Figure 5.8: Discharge current measurements for xenon at 125 V as the
Langmuir probe is inserted into the discharge chamber. The colored
horizontal dashed lines represent the maximum and minimum current
where the center bold line represents the average current. The vertical
dotted lines represent the exit plane as its passed on the way into the
discharge chamber and on the way back out.
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Figure 5.9: Discharge current measurements for xenon at 200 V as the
Langmuir probe is inserted into the discharge chamber. The colored
horizontal dashed lines represent the maximum and minimum current
where the center bold line represents the average current. The vertical
dotted lines represent the exit plane as its passed on the way into the
discharge chamber and on the way back out.
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Figure 5.10: Discharge current measurements for xenon at 300 V
as the Langmuir probe is inserted into the discharge chamber. The
colored horizontal dashed lines represent the maximum and minimum
current where the center bold line represents the average current. The
vertical dotted lines represent the exit plane as its passed on the way
into the discharge chamber and on the way back out.
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just 2 mm in front of the anode face.
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Figure 5.11: Discharge current measurements for krypton at 125 V
as the Langmuir probe is inserted into the discharge chamber. The
colored horizontal dashed lines represent the maximum and minimum
current where the center bold line represents the average current. The
vertical dotted lines represent the exit plane as its passed on the way
into the discharge chamber and on the way back out.
It can be immediately seen that the probe’s presence inside the discharge
chamber is felt much more strongly in the high voltage cases than in the low
voltage cases. This is most pronounced for xenon where the the measured increase
in mean discharge current at 300 V for xenon was 22% while the probe was inside
the discharge chamber. Oddly, this the exact number Linnel found as the largest
perturbation in his high-speed probe work [5]. At low voltages, the increase was
only 7%. This measurement was taken by averaging the discharge current during
a characteristic sweep and comparing the value against the average discharge
current during normal operation without the probe.
Although the data shown in ﬁgures 5.10 and 5.12 doesn’t appear to show a
massive disturbance created by the probe, in watching the Hall thruster, a visual
ﬂash appeared to occur as the probe was leaving the discharge chamber for the
higher discharge voltage cases. The data was recorded much faster than the eye
can see and suggests the perturbations occur equally on the inward and outward
stroke, contrary to what was visually observed. No ﬂash was seen for the low
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Figure 5.12: Discharge current measurements for krypton at 200 V
as the Langmuir probe is inserted into the discharge chamber. The
colored horizontal dashed lines represent the maximum and minimum
current where the center bold line represents the average current. The
vertical dotted lines represent the exit plane as its passed on the way
into the discharge chamber and on the way back out.
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voltage cases, which is supported by the minimal disturbance as seen in ﬁgures
5.8 and 5.11.
Linnel’s high-speed probe work showed that the majority of his recorded dis-
charge current perturbations were in the Hall current region after the probe had
already passed through. He concluded that the perturbations may be less than
feared, assuming that only the insertion portion of the probe data was analyzed.
Nevertheless, his perturbations were also as high as 22% inside the discharge
chamber.
Typical uncertainty values for analyzed internal probe data (Vp, Ne, etc..) are
on the order of 50% of the reported values, which is dominant over the error due
to current perturbations [6]. Although the analysis of discharge current would
suggest a higher degree of reliability in the analyzed data, it is believed that an
error estimate of 50 % is a safer and more reasonable assumption.
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5.9 Summary
The HPS was developed over a period of two years to meet the acceleration re-
quirements necessary to limit the residence time of double Langmuir probe in the
discharge chamber of the Hall thruster. A goal of 100 ms residence time was
proposed and surpassed with the ﬁnal product capable of a residence time < 60
ms. Perturbation testing determined a 22% maximum change in discharge current
during probe insertion into the discharge chamber which is lower than other pub-
lished high-speed probe work. In addition to the motion table, a fully automated
data acquisition system and data reduction software were engineered to acquire,
store, and reduce the dataset.
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Chapter 6
HPS Results
This chapter details the analyzed results acquired by the high-speed probe system
and a brief discussion. For details on the system itself or the data analyses methods
see chapter 5.
6.1 Test Matrix
The original test plan included a 100 V discharge voltage trial for both propellants.
In testing, the thruster struggled to remain on below 125 V. Since the successful
test set of data for the 100 V case was largely incomplete, it has been omitted.
See table 6.1 for a complete list of the test operating conditions.
6.2 Raw Results
Three raw quantities are recorded during testing: ﬂoating potential of the sweep
supply, sweep voltage of the supply, and current sourced/sinked by the supply.
The data is recorded as a function of encoder clicks from which position can be
derived.
Post processing was conducted by automated matlab scripts. The autonomous
scripts ﬁrst identify end of travel location within the dataset: 2 mm from the
anode and 18 mm inside the exit plane. A total of 100 mm in axial space of data
is then extracted from the recorded quantities for analyzing: 82 mm outside the
discharge chamber and 18 inside. The rest of the recorded data is discarded. A
sample of the sweep data and the section used for analysis is seen in ﬁgure 6.1.
The matlab script then divides the data selection into individual double probe
traces corresponding to one voltage sweep from -40 V to 40 V as shown in ﬁgure
6.2. The individual traces are then evaluated as described in the previous chapter.
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Table 6.1: Test parameters for xenon and krypton
(a) Xenon test matrix
Vd (V) Im (A) m˙ (mg/s)
300 3.00 5
300 2.50 5
300 2.00 5
300 1.50 5
300 1.00 5
200 3.00 5
200 2.50 5
200 2.00 5
200 1.50 5
200 1.00 5
150 3.00 5
150 2.50 5
150 2.00 5
150 1.50 5
150 1.25 5
150 1.00 5
150 0.75 5
150 0.50 5
125 2.00 5
125 1.50 5
125 1.25 5
125 1.00 5
125 0.75 5
125 0.50 5
125 0.25 5
(b) Krypton test matrix
Vd (V) Im (A) m˙ (mg/s)
300 3.00 5
300 2.50 5
300 2.00 5
300 1.50 5
300 1.00 5
200 3.00 5
200 2.50 5
200 2.00 5
200 1.50 5
200 1.25 5
200 1.00 5
200 0.75 5
150 3.00 5
150 2.50 5
150 2.00 5
150 1.50 5
150 1.25 5
150 1.00 5
150 0.75 5
150 0.50 5
125 1.25 5
125 1.00 5
125 0.75 5
125 0.50 5
125 0.25 5
6.3. XENON RESULTS 81
It was believed that the disturbance created in the plasma, by the presence of the
probe, is less severe on the inward stroke than the outward stroke by simple virtue
that the inwards stroke occurs ﬁrst. Aside from asymmetries in the perturbations
the dataset for the inward and outwards stroke should be identical. Thus, it was
chosen analyze the inward bound portion of the sweep.
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320 mm
Figure 6.1: Raw current data as a function of axial position as
recorded by the HPS. This is the entire recorded data set, however,
only the portions in blue are used for data analysis. The blue data,
and all red data preceding it represents the inward bound travel of the
probe. -20 mm (relative to the exit plane) is the end of travel where
the probe stops just in front of the anode and reverses motion. All
data to the right of the blue section represents the data during the
return trip of the probe.
6.3 Xenon Results
Figures 6.3 - 6.10 represent a selection of the fully analyzed data to illustrate
certain trends. The complete results for the entire test matrix are presented
in appendix A. A discussion of error analysis can be found in section 7.3. To
avoid obscuring the data error bars have been omitted from the graphs. Plasma
potential, ﬂoating potential, electron energy and ion density are represented in
red, green, black and blue, respectively. The sample set in ﬁgures 6.3 - 6.10
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Figure 6.2: Typical example of raw current and voltage sweep data for
a single extracted double probe trace. The motion table moves 1 mm
during the signal acquisition. Data is shown before any manipulation
or removal of the inﬂuence of line capacitance.
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Figure 6.3: High-speed probe data for xenon
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was chosen here to exhibit the eight permutation samples of high/low discharge
voltage, high/low magnet current, and propellant type.
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Figure 6.4: High-speed probe data for xenon
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Figure 6.5: High-speed probe data for xenon
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Figure 6.6: High-speed probe data for xenon
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6.4 Krypton Results
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Figure 6.7: High-speed probe data for krypton
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Figure 6.8: High-speed probe data for krypton
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Figure 6.9: High-speed probe data for krypton
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Figure 6.10: High-speed probe data for krypton
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Overall trends and shape
The change in magnet current seems to have a greater eﬀect on the ion densities
than it does on the plasma potentials. For both xenon and krypton at 125 V,
the higher magnet values push the maximum ion density further downstream
such that the vast majority of the charged particles are outside of the discharge
chamber. Very little ion density is recorded until about 5 mm past the exit plane
for xenon and about 4 mm for krypton.
At 300 V, neither propellant shows much movement in the acceleration zone
location as a function of magnet current. The ion densities exhibit opposite move-
ment, in comparison to the 125 V cases for both propellants, with increased mag-
net current causing a downstream shift in the ion density proﬁle. Fo xenon, the
peak ion density moves from upstream of the exit plane to downstream of it. The
same is true for krypton, but can be seen to be even more pronounced (ﬁgures
and 6.10).
6.5 Ionization and Acceleration Zone locations
In order to speak quantitatively on the eﬀects of the magnet current on the plasma
potential and ion density proﬁles, it is useful to mathematically deﬁne and identify
what is known as the ionization zone and acceleration zone. The following text
includes the deﬁnitions and some discussion of the limitations of this convention,
the balance of which appears in section 7.3.
Ionization Zone
Theoretically, the ionization zone is the axial location of peak ion production for
the thruster. Experimentally, the ionization zone is identiﬁed by the point of
maximum current density [1, 2, 3]. Although current density and ion production,
as a function of axial distance, are closely related, the point of peak ion production
can occur upstream of peak ion density. Ion density is a function of charged
particle ﬂux. Therefore, the ion density diﬀers from ion production location by
the additional current recorded due to downward streaming ions created upstream
of the probe location. To record ion production location is to record only newly
born ions or those of zero velocity (aside from random thermal motion), which is
something these probe techniques are incapable of. This uncertainty between the
peak ion production zone and the peak ion density is discussed further in section
7.3. The ionization zone locations, as determined by the peak ion density, can be
found in tables 6.2 and 6.3.
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Table 6.2: Krypton Ionization Zone. Values are given in mm from the
exit plane. Negative values indicate locations internal to the discharge
chamber.
Magnet Current (A) 125 V 150 V 200 V 300 V
0.50 16.2 9.2
0.75 17.2 9.2 -1.8
1.00 22.2 -6.7 -5.7 7.2
1.25 30.1 1.2 -0.8
1.50 29.1 0.2 -1.8 -7.7
2.00 -4.8 -2.7 2.2
2.50 29.1 -3.8 2.2
3.00 30.1 -1.8 2.2
Table 6.3: Xenon Ionization Zone. Values are given in mm from the
exit plane. Negative values indicate locations internal to the discharge
chamber.
Magnet Current (A) 125 V 150 V 200 V 300 V
0.50 15.1 4.1
0.75 8.1 10.1
1.00 8.1 9.1 6.1 9.1
1.25 14.1 6.1
1.50 19.1 2.1 6.1 0.2
2.00 25.1 11.1 2.1 1.1
2.50 18.1 3.1 1.1
3.00 18.1 2.1 -0.9
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Acceleration Zone
The location of the acceleration zone can be identiﬁed by the point of steepest
slope in the plasma potential proﬁle. Mathematically, this can be located by taking
the peak of the derivative of the plasma potential proﬁle. Due to the uncertainty in
the electron temperature measurements from which the plasma potential is derived
(see equation 5.7), the results of this approach were highly erratic. Therefore, the
acceleration zone location was determined using the same mathematical approach
described above using the ﬂoating potential data. Numerous other works have
taken this same approach due to the reliability of the ﬂoating potential data and
its likeness to the plasma potential [4, 5, 6, 7, 8]. The results from the plasma
potential data were then compared to the ﬂoating potential data to establish a
level of measurement uncertainty. Removing extreme outliers, the acceleration
zone as determined by ﬂoating potential was on average ±2 mm from the same
calculation with the plasma potential data. The acceleration zone location results
are in the tables 6.4 and 6.5.
Table 6.4: Krypton Acceleration region. Values are given in mm
from the exit plane. Negative values indicate locations internal to the
discharge chamber.
Magnet Current (A) 125 V 150 V 200 V 300 V
0.50 -0.1 -1.5
0.75 2.0 1.6 -3.9
1.00 3.1 3.0 -4.1 -3.9
1.25 3.0 1.8 -2.6
1.50 4.0 4.3 -3.1 -4.7
2.00 5.3 -3.3 -4.9
2.50 5.3 -2.5 -5.0
3.00 6.8 2.9 -4.8
6.6 Potential Drop in the Acceleration Zone
In addition to the location of the ionization and acceleration zones, of equal im-
portance to voltage utilization eﬃciency is the magnitude of the potential drop in
the acceleration zone. This holds true, assuming any positively disproportionate
amount of ion production occurs in the acceleration zone. For a given/ﬁxed accel-
eration and ionization zone, if the maximum plasma potential in the acceleration
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Table 6.5: Xenon Acceleration Region. Values are given in mm from
the exit plane. Negative values indicate locations internal to the dis-
charge chamber.
Magnet Current (A) 125 V 150 V 200 V 300 V
0.50 -3.2 -4.9
0.75 -0.1 -3.8
1.00 0.8 1.2 -2.2 -2.6
1.25 4.6 3.8
1.50 5.7 4.1 -2.4 -4.1
2.00 9.6 5.7 -3.2 -4.0
2.50 8.6 -3.2 -4.8
3.00 7.7 -3.1 -3.9
zone is decreased, the voltage utilization eﬃciency will decrease. The potential
drop can be calculated by subtracting the minimum plasma potential as found
20 mm downstream1 from the exit plane from the maximum plasma potential
inside the discharge chamber (or shortly outside of). The results are in ﬁgures
6.11 and 6.12 and it can be seen that the potential drop across the acceleration
zone is minimally aﬀected by the changing magnet current within the limits of
the uncertainty.
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Figure 6.11: Potential drop across the acceleration zone for xenon
1The automated script actually searches for the minimum plasma potential value within ±3
mm from the 20 mm location to avoid any anomalous peaks
6.6. POTENTIAL DROP IN THE ACCELERATION ZONE 91
300
250
200
150
100
50
0Po
te
nt
ial
 D
ro
p 
in 
Ac
ce
ler
at
io
n 
Zo
ne
 (V
)
3.02.52.01.51.00.50.0
Magnet Current (A)
 Krypton
 125 V
 150 V
 200 V
 300 V
Figure 6.12: Potential drop across the acceleration zone for krypton
Conclusions
With the exception of a possible near-anode potential rise, it is not possible for the
plasma potential to be increasing as a function of axial distance from the anode
in a Hall thruster. In many of our experimental cases, however, the results show
the plasma potential increasing downstream of the anode all the way out to exit
plane (see ﬁgure 6.4). This is believed to be an artifact of the data, and is likely
a byproduct of the uncertainty in the electron temperatures due to perturbation
in the plasma caused by the insertion of the probe. As was shown in chapter
6, the plasma potential is calculated from the electron temperature and ﬂoating
potential as
Vp = Vf +
TeV
2
ln
(
2mi
πme
)
. (6.1)
The electron energy measurements have at 30% uncertainty which propagates to
an uncertainty of anywhere between ±10 V to ±80 V in the calculation of the
plasma potential. The anomalous downstream rise in the plasma potential is
therefore assumed to be the propagation of the electron temperature uncertainty.
Figures 6.13 and 6.14 are example cases that display the plasma potential and its
uncertainty plotted along side the ﬂoating potential and the electron temperature.
The ionization zone location is seen to be immobile for high voltages and mag-
net currents greater than 1.50 A for both propellants. The same can be said of
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Figure 6.13: An example of ﬂoating potential, plasma potential and
electron energy for krypton at 300 V
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Figure 6.14: An example of ﬂoating potential, plasma potential and
electron energy for krypton at 150 V
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the acceleration location. This indicates a lowered sensitivity in ion creation/ac-
celeration dynamics on the magnetic ﬁeld for nominal discharge voltages. In
other words, axial position of the ionization processes are much more susceptible
to changes in the magnetic ﬁeld for low voltages than than they are for nomi-
nal/higher discharge voltages. This is in direct support of the external probe data
found in the previous chapters.
94 CHAPTER 6
Bibliography
[1] Linnell, J. A. and Gallimore, A. D., “Internal Langmuir Probe Mapping of a
Hall Thruster with Xenon and Krypton Prop,” Vol. AIAA-2006-4470, Sacra-
mento, California, 9-12 July 2006.
[2] Reid, B. M. and Gallimore, A. D., “Langmuir Probe Measurements in the
Discharge Channel of a 6-kW Hall Thruster,” 44th AIAA/ASME/SAE/ASEE
Joint Propulsion Conference and Exhibit , Vol. AIAA-2008-4920, Hartford, CT,
July 20-23 2008.
[3] Haas, J. M., Low-Perturbation in Interrogation of the Internal and Near-Field
Plasma Structure of a Hall Thruster Using a High-Speed Probe Positioning
System, Ph.D. thesis, University of Michigan, 2001.
[4] Kim, V., Grdlichko, D., Kozlov, V., Lazourenko, A., Popov, G., and Skryl-
nikov, A., “Local Plasma Parameter Measurements by Nearwall Probes In-
side the SPT Accelerating Channel Under Thruster Operation with Kr,” 38th
AIAA/ASME/SAE/ASEE Joint Propulsion Conference & Exhibit , Indianapo-
lis, Indiana, July 7-10 2002.
[5] Bishaev, A. M. and Kim, V., “Local Plasma Properties in a Hall-Current
Accelerator with an Extended Acceleration Zone,” Soviet Physics Technical
Physics , Vol. 23, No. 9, 1978.
[6] Esipchuk, Y. B., Morozov, A. I., Tilinin, G. N., and Troﬁmov, A. V., “Plasma
oscillations in closed-drift accelerators with an extended acceleration zone,”
Soviet Physics - Technical Physics , Vol. 18, No. 7, 1974.
[7] Raitses, Y., Ashkenazy, J., and Appelbaum, G., “Probe measurements of
plasma properties inside an experimental Hall thruster,” 34th AIAA/AS-
ME/SAE/ASEE Joint Propulsion Conference and Exhibit , Cleveland, Ohio,
July 13-15 1998.
96 CHAPTER 6
[8] Hofer, R. R., Development and Characterization of High-Eﬃciency, High-
Speciﬁc Impulse Xenon Hall Thrusters, Ph.D. thesis, University of Michigan,
Ann Arbor, 2004.
Chapter 7
Discussion
7.1 Eﬃciency vs Discharge Voltage
In the parametric investigation of chapter 3, it was found that the excess current
to the anode was the primary cause of ineﬃciency at low voltages. This is in direct
agreement with the recent work by Dan Brown[1]. Additionally, it was noted that
the traditional method of tuning the magnetic coils to obtain maximum thrust
eﬃciency did not work. The assumption that is most often made is that minimum
discharge current and maximum thrust eﬃciency are necessarily synchronous.
’Laboratory measurements are made by setting constant Vd and
m˙, and then measuring thrust and Id after tuning the magnetic ﬁeld
strength and topology to minimize Id (or maximize ηT ).’[2]
Minimum discharge current and maximum thrust eﬃciency did not coincide
for many of the tests herein, as the above statement universally supposes it should.
For many of the low voltage trials, the minimum discharge current and maximum
thrust eﬃciency were mutually exclusive, a ﬁnding that is in conﬂict with existing
data at nominal and higher discharge voltages[3, 4]. For these experiments, tuning
the magnets to allow for additional current to the anode increased total eﬃciency.
In Brown’s low voltage work, he found a similar result and attested that the
additional current was necessary to support ionization processes.
A summary of the ﬁndings from chapter 3 can be found in ﬁgures 7.1 -7.3.
The ﬁgures depict the various eﬃciency terms for each mass ﬂow rate as measured
using probe techniques. As previously noted, the current eﬃciency becomes the
dominant loss mechanism for all operation below 200 V. The maximum thrust to
power ratio recorded was 65 mN/kW at 250 V.
98 CHAPTER 7
0.90
0.80
0.70
0.60
0.50
0.40
η
300250200150100
Discharge Voltage (V)
 ηV
 ηB
 ηC
 3 mg/s
Figure 7.1: η values for 3 mg/s of xenon at maximum thrust eﬃciency
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Figure 7.2: η values for 4 mg/s of xenon at maximum thrust eﬃciency
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Figure 7.3: η values for 5 mg/s of xenon at maximum thrust eﬃciency
In two data points (one of which fell inside the uncertainty) of these results
showed voltage utilization eﬃciency exhibiting non-monotonic behavior as func-
tion of discharge voltage. The lowest discharge voltages, 100 V and 150 V, showed
an increase in ηv at 3 mg/s and 4 mg/s ﬂow rates respectively. Although far from
conclusive, this was of interest because this has never been documented in other
research and is in contrast to the behavior of the other loss mechanisms at low
discharge voltage. The current eﬃciency and beam divergence eﬃciency mono-
tonically decay with decreasing discharge voltage. Since it is well known that ηc
can be increased by adjusting the magnets to minimize the discharge current[2],
this implies that one of the remaining loss mechanisms, beam divergence or cur-
rent eﬃciency, is penalizing thrust eﬃciency as a function of increasing magnet
current.
7.2 Eﬃciency vs Magnet Current
Chapter 3 measured loss mechanisms as a function of magnet current, or, oﬀ-peak
thrust eﬃciency. Traditionally in the ﬁeld data is primarily taken as function of
peak thrust eﬃciency. This limits the correlations that can be made between op-
erating characteristics and the strength of the magnetic ﬁeld. Due to preliminary
results, part of the hypothesis for this work was that high and low voltage opera-
tion would show contrasting changes in the operating characteristics as function
of magnet current.
The chief results in chapter 4 are from ﬁgures 4.10 and 4.11 which show the
voltage utilization as a function of magnet current for various discharge voltages.
Surprisingly, the VUE is shown to increase for all voltages and for both propellants
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as a function of decreasing magnet current. This gives credence in the couple data
points from chapter 3 that suggested that voltage utilization eﬃciency may favor
low magnet current. This anomalous behavior is the strongest motivating element
that necessitated internal probe studies.
Of interest to note, theoretical data published in 2004 presented a model that
predicted the maximum voltage utilization would occur at 100 V discharge voltage.
Discharge voltages above and below 100 V were shown to have lower ηv values.
No commentary was provided for this in their paper [5]. The data of chapter 4
disagrees with this showing the 100 V case having the lowest voltage utilization
eﬃciency. Although the model suggests even lower voltages to show a decrease in
VUE the results of this study do not explore discharge voltages below 100 V (due
to thruster limitations) and therefore no comparisons can be made.
The need to reduce the strength of the magnetic coil current with decreasing
discharge voltage in order to maximize thrust eﬃciency has been documented
experimentally[6]. In previous work, the magnetic ﬁeld value that produces the
maximum thrust eﬃciency has deduced the empirical relationship
p = ln(Bmax)/ ln(Vd) (7.1)
where Bmax is the peak magnetic ﬁeld strength along thruster centerline and
p is a proportionality constant for a given thruster [5]. Values for the scaling
relation p have ranged from 0.5 - 1.5 for diﬀerent thrusters and have shown to
be invariant over a a wide range of voltages[6, 7]. The proportionality is broken,
however, at low voltages, which suggests a fundamental change in the physics of
low voltage operation. To account for this, Ahedo’s model for a standard Hall
thruster predicted a scaling relation of 0.5 for nominal to high discharge voltages
and 1 for lower voltages (Vd < 200 V).
To compare the results of this dissertation with Ahedo’s model, the magnetic
ﬁeld strength must be known. Although Hall probe measurements of Bmax were
not taken in this study, magnetic ﬁeld measurements have been taken before for
nominal magnet currents (2.5 - 3.0 A) on this exact thruster[8]. From the magnetic
ﬁeld data at nominal operation, we can predict the ﬁeld at lower currents using
the Biot-Savart’s law
B =
μ0I
4πR2
∮
dL (7.2)
which dictates that the magnetic ﬁeld is linearly proportional to the current
through the coils, barring saturation. In the aforementioned study, it was shown
that the magnetic ﬁeld was below the saturation point and thus we can model p
based on the current through the magnetic coils since our magnet current levels
are less than or equal to the values used for the gauss measurements [9, 8]. The
results for the proportionality constant are plotted in ﬁgure 7.5. The magnetic
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ﬁeld probe used to make the measurements is accurate to 0.1 mT which gives a
< 1% uncertainty on p.
Although neither propellant exhibits entirely monotonic behavior, the trend
is that with decreasing discharge voltage comes a decrease in p. With only three
data points for xenon, not much can be concluded. Krypton shows a bit more
of a developed trend, but also lacks in a signiﬁcant quantity of data. For both
propellants, the 150 V case had an unusually high p that disrupts the trend. If
the downward trend in p value with decreasing discharge current is to be believed,
then this data disagrees with Ahedo’s model. Part of the boundary conditions of
the model constrains the possible ionization and acceleration zones to locations
inside of the discharge chamber. As was seen in chapter 6, and discussed further
in section 7.3, these zones were experimentally found to occur, at times, external
to the discharge chamber. Consequently, the steadfast boundary conditions may
be prohibiting the model from accurately capturing the physics of low voltage
operation and therefore correctly predicting the p value.
7.3 High-speed probe test
In chapter 5 equation 5.1 stated that thin sheath limit was an appropriate method
for ξ values  1.
ξ  1 thin sheath limited analysis (7.3)
ξ  1 orbit motion limited (7.4)
A reﬁnement to the rule of ξ  1, Chen states it is more ideal to use orbit motion
limit theory (OML) when the ξ < 3 and thin sheath limit when ξ > 10 [12].
Figure 7.6 shows our calculated values for ξ. Although ξ > 1 at all locations, it
is rarely > 10 and occasionally < 3. As such, a decision was made to evaluate
the data using both TSL and OML and to take a weighted average of the two
values based on the calculated ξ. A weighted average, or weighted mean, is a
mathematical operation that is used to create a hybrid result of two separate
calculations based on a weighting criteria. In this case, the individual OML and
TSL results are weighted by ξ such that the greater ξ is, the closer the ﬁnal values
for ne, Vp, etc. are to the TSL results. Conversely, the lower ξ is, the closer the
ﬁnal values are to the OML results. This approach has also been used by Reid
from the Plasmdynamics & Electric Propulsion Laboratory at the University of
Michigan [10].
The magnitude error is estimated as 30% for electron energy values and 50%
for the ion density values [13, 14]. All conclusions, however, are drawn from the
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shape of the proﬁle of the data and not the magnitudes. For both propellants,
lowering the magnet current has the eﬀect of increasing the plasma density and
pushing it backward into the discharge chamber. Although the upstream shift
is visually apparent in ﬁgures 7.7 and 7.8, the calculation of the ionization zone,
seen in ﬁgures 7.12 and 7.14, does not show the same result. This is ramiﬁcation
of detecting the ionization zone by the peak in the ion density proﬁle, as discussed
in chapter 6. For many cases, this is a solid approximation, however, for cases
like xenon at 125 V with 0.50 A magnet current (ﬁgure 7.9), the peak of the ion
density proﬁle concludes that the ionization region is 15.1 mm downstream of
the exit plane. Upon visual inspection of ﬁgure 7.9, it is clear that much of the
ionization region occurs near the exit plane.
In chapter 4 it was shown that voltage utilization eﬃciency increases with
decreasing magnet current for both propellants (ﬁgures 4.10 and 4.11). The volt-
age utilization of an ion is dependent on where it is ionized along the potential
structure created by the anode-cathode voltage. Collisions will also have a small
energy-robbing eﬀect on an ion, but the bulk of an ion’s exit velocity is determined
by the portion of the anode potential it sees. There are only a few possibilities
that would lead to an increase in voltage utilization:
• The potential drop in the acceleration zone could be increasing (assuming
any portion of the ion production occurs in, or upstream, of the acceleration
zone).
• The ionization zone is moving upstream with respect to the acceleration
zone.
The latter hypothesis could involve both regions moving in either direction,
upstream or downstream, but the net eﬀect must be that the ionization zone
is further upstream with respect to the acceleration zone to see an increase in
the voltage utilization. The results discount the ﬁrst hypothesis and support the
second, see ﬁgures 7.11 - 7.14. Note that negative values indicate a distance in mm
inside the discharge chamber from the exit plane and positive values are distances
away from the exit plane.
The uncertainty in the acceleration location is taken to be ± 2 mm (see section
6.5). The unknown error in the ionization zone location measurement arises from
the fact that the peak ion density is not necessarily the location of peak ion
production. Although it is reasonable to assume that the peak ion density marks
the end of the ion production region, the peak of ion production could occur
further upstream than the peak ion density. Therefore, as a conservative error
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Figure 7.9: High-speed probe results for xenon at 125 V 0.50 A
estimate, if the distance is measured over which the ion density is increasing (ion
production region), it can be assumed that the peak in ion production occurs
in the later half of this distance. In other words, it is assumed that the ion
production region begins inside the discharge chamber where the current density
is non-trivial (> 0.1×1018 m−3), and ends at the peak of the ion density proﬁle.1
Half of this distance is taken as the uncertainty in the ionization zone location
as a one-sided error bar in the upstream direction from the stated ionization
zone location. Figure 7.10 is a graphical example of the uncertainty region as
determined by the above criteria. Incidentally, even if the true ionization zone
(peak ion production location) coexists with the peak of the ion density proﬁle,
there remains an additional uncertainty error due to the probe positioning system.
This error, however, is less than 1 mm in either direction.
For most operating conditions, the beginning of the ion production region, as
determined by the ﬁrst downstream location from the anode of non-trivial current
density > 0.1×1018 m−3, begins at the closest location to the anode measured,
-18 mm from the exit plane. This is not universal, however, as several of the
low voltage cases do not show signs of signiﬁcant ion production until further
downstream towards the exit plane.
There is no appreciable change in the fraction of the discharge voltage drop
in the acceleration zone as a function of magnet current for any discharge voltage
1It should be noted that trace levels of ionization will occur on either side of the bounds as
deﬁned here, but will be small in comparison
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Table 7.1: The upstream uncertainty in the ionization zone location
as measured from the peak ion density toward the anode
Discharge Voltage 125 V 150 V 200 V 300 V
Xenon 13 mm 11 mm 10 mm 7 mm
Krypton 13 mm 10 mm 7 mm 9 mm
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Figure 7.10: An example of the uncertainty in the ionization zone
location as shown between the black arrows
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as shown in chapter 6. As a function of magnet current, however, there is an
axial shift in both the acceleration and ionization zone locations in the upstream
direction for low voltage trials. This shift is greater for the ion density proﬁle,
driving the ionization zone upstream towards the anode.
For xenon at higher voltages, the acceleration zone location is moved upstream
with decreasing magnet current for the 200 V case and and ever so slightly down-
stream in the 300 V case. For krypton, neither the 200 V or 300 V cases show
much sensitivity in acceleration zone location as a function of magnet current.
Within the limits of the measurement uncertainty, no discernible trends are ev-
ident in the ionization zone location for the 200 V and 300 V trials for either
propellant.
It is interesting to note that in the low voltage xenon trials, the acceleration
zone location remains further downstream of the Hall thruster for all magnetic
current values as compared to the higher voltage cases. The same is true for kryp-
ton with the exception of magnet current values < 0.5 A where the acceleration
zone moves far enough upstream to match the location exhibited by the higher
voltage trials. In general, the ionization zone location is also further downstream
for the low voltage cases for both propellants.
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7.4 Separation Distance
Figures 7.15 and 7.16 below show the separation distance between ionization zone
and acceleration zone locations. The distance is calculated as the acceleration
zone location subtracted from the ionization zone location. The result is that
positive values indicate an ionization zone location downstream of the acceleration
zone location and the contrary for negative separation values. Unfortunately, due
to the error bars, very little can be ascertained from the separation datasets.
One dataset for krypton, however, remains statistically signiﬁcant. The lowest
discharge voltage case, 125 V, does exhibit a decreasing separation distance as
a function of decreasing magnet current. This ’closing of the gap’ between the
ionization zone and acceleration zone supports the increase in voltage utilization
eﬃciency seen in the RPA probe results of chapter 4, ﬁgure 4.11. The numerical
data for the separation distances are in tables 7.2 and 7.3
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Table 7.2: The separation distance between the acceleration zone and
the ionization zone for krypton. Negative values indicate an ionization
zone location upstream of the acceleration zone.
Magnet Current (A) 125 V 150 V 200 V 300 V
0.50 16.3 10.7
0.75 15.3 7.6 2.1
1.00 19.0 -9.7 -1.6 11.1
1.25 27.1 -0.6 1.8
1.50 25.1 -4.0 1.3 -3.0
2.00 -10.1 0.5 7.1
2.50 23.8 -1.3 7.2
3.00 23.4 -4.7 7.0
7.5 Magnetic Field
Changing the current in the magnetic coils will linearly amplify or attenuate the
magnet ﬁeld proﬁle in the Hall thruster. So far, the ionization and acceleration
locations have been shown to move axially with changing magnet current. By
comparing the magnetic ﬁeld proﬁle to the ionization and acceleration locations
for various magnet current levels, it can be determined if the axial shift in these
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Table 7.3: The separation distance between the acceleration zone and
the ionization zone for xenon. Negative values indicate an ionization
zone location upstream of the acceleration zone.
Magnet Current (A) 125 V 150 V 200 V 300 V
0.50 18.3 9.1
0.75 8.2 13.9
1.00 7.3 7.9 8.3 11.8
1.25 9.5 2.3
1.50 13.4 -2.0 8.6 4.3
2.00 15.4 5.5 5.3 5.1
2.50 9.6 6.3 5.9
3.00 10.4 5.3 3.0
regions corresponds to a shift to a preferential magnetic ﬁeld strength.
By a combination of Sommerville’s measured and modeled data, a magnetic
ﬁeld centerline proﬁle can be made for the BPT-2000 as seen in ﬁgure 7.17 [8].
With the magnetic ﬁeld data as a function of coil current in hand, we can calculate
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Figure 7.17: Axial magnetic ﬁeld proﬁle for the BPT-2000 along
centerline
the magnetic ﬁeld at the acceleration and ionization zone location as seen in ﬁgures
7.18 - 7.21. The uncertainty in the gauss probe measurements is 0.1 mT and 1% on
the coil current measurements. Therefore, the primary uncertainty in ﬁgures 7.18
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- 7.21 is in the location of the ionization and acceleration zones, which propagates
to the uncertainty in the spatial location where the magnetic ﬁeld value is assessed.
The values for both the ionization zone location and acceleration zone location
are highly linear for both propellants at both 200 and 300 V. In the lower voltage
cases, the trends are linear at the lower magnet current values, but deviate as
the magnet current is increased. For krypton’s 125 V test case, the ionization
zone location is nearly constant at 20 gauss for all magnet current values. This
suggests that the zone location is occurring at a particular magnetic ﬁeld value
independent of where it may exist in axial space. The 150 V case for krypton
follows the trends of the higher voltages until the magnet current is increased
above 2.0 A where the ionization zone location moves to a region of much lower
magnetic ﬁeld strength more in line with the 125 V case.
The xenon data for the ion zone location seems to level out in ﬁeld strength for
both of the lower voltage cases as the magnet current increases. The ﬁeld strength
at the point of ionization zone location for the higher voltage cases continues to
climb linearly over all of the magnet current values tested.
It is of little surprise, that the higher discharge voltage cases follow linear
trend in ﬁgures 7.18 - 7.21 if they are compared to ﬁgures 7.11 - 7.14. Neither the
ionization zone location nor the acceleration zone location exhibited a large change
in axial location as a function of magnet current. Since the magnetic ﬁeld strength
necessarily increases linearly with changing magnet current, the less movement in
the locations of the ionization zone and acceleration zone, with respect to magnet
current values, the more linear the trends of ﬁgures 7.18 - 7.21 will be.
7.6 Internal VS External
To compare the external voltage utilization data of chapter 4 with the high-speed
internal probe data of chapter 6 is not exactly straight forward. To replicate
a voltage utilization value with internal data, one would need the exact birth
location of each ion and the corresponding plasma potential at that location. The
weighted average of the two variables would yield the voltage utilization eﬃciency
(see equation 7.5). Plasma potential, as a function of linear space, is one of the
recorded quantities of the internal probe study (albeit with a ±30% uncertainty).
Ion birth location, however, is not. Instead, Langmuir probes are limited to ion
density, which although is closely related to the ionization birth location, is a
measure of ion ﬂux. Nevertheless, with the plasma potentials and ion densities,
a crude measurement of an internal voltage utilization eﬃciency, iVUE, can be
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Figure 7.18: Magnetic ﬁeld
strength at the peak ion den-
sity location for xenon
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Figure 7.19: Magnetic ﬁeld
strength at the acceleration
zone location for xenon
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Figure 7.20: Magnetic ﬁeld
strength at the peak ion den-
sity location for krypton
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Figure 7.21: Magnetic ﬁeld
strength at the acceleration
zone location for krypton
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created.
The internal voltage utilization eﬃciency was calculated assuming that the
peak in the ion density curve represented the end of the ion production region.
Because of the nature of the weighted average function, we can assume the ioniza-
tion region begins at the deepest point recorded, -18 mm, without any mathemat-
ically penalty. Thus, for a given discharge voltage, the internal voltage utilization
eﬃciency was calculated by taking a weighted average of all ion density mea-
surements from the peak inward to the anode, as can be seen in the equation
7.5.
iV UE(Vd) =
∫
Vp(x) ·Ne(x)dx
Vd
∫
Ne(x)dx
(7.5)
Figure 7.22 shows a green box indicating the region over which the automated
scripts took the weighted average. Alternative to the weighted average approach,
the reader can immediately see the pitfall in assuming that all of the ionization
occurs only at the peak ion density. This would suggest that all ions are born at
100 eV plasma potential and would result in an 30% voltage utilization eﬃciency
by negating the ion production upstream of the peak. Because of the ﬂux of ions
created upstream from the location the double probe collects them, the ion density
proﬁle will be biased downstream from that of a true ion production location
proﬁle. Consequently, we expect the internal voltage utilization eﬃciency to be a
lower bound on the voltage utilization eﬃciency as calculated by the RPA probe.
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Figure 7.22: The green box represents the region over which the
internal voltage utilization eﬃciency was calculated
Once calculated, the results of the iVUE are compared to the results of chap-
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ter 4 for the VUE in ﬁgures 7.23-7.29. The uncertainty in the plasma potential
measurements carry through to be the dominant uncertainty in the iVUE calcu-
lations. Thus, in many cases trends in the iVUE are diﬃcult to discern from the
uncertainty. The low voltage results for krypton hold some of the strongest trends.
The iVUE in ﬁgure 7.23 can clearly be seen to parallel both the 125 V and 100
V external RPA data by increasing with decreasing magnet current. Similarly, in
the 150 V case, the iVUE is increasing with decreasing magnet current supporting
the results from chapter 4. In the higher voltages for krypton, the uncertainty
masks any trends that may have been observed. In the case of xenon, the iVUE
for the 125 V internal data peaks at the lowest magnet current just like the ex-
ternal VUE, however, that is within the uncertainty of the measurement. Similar
to krypton, the high voltage trends in the iVUE are masked by the error bars for
xenon.
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Figure 7.23: Internal voltage utilization eﬃciency as calculated from
the HPS dataset compared to the voltage utilization eﬃciency calcu-
lated with the RPA probe in chapter 4
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Figure 7.24: Internal voltage utilization eﬃciency as calculated from
the HPS dataset compared to the voltage utilization eﬃciency calcu-
lated with the RPA probe in chapter 4
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Figure 7.25: Internal voltage utilization eﬃciency as calculated from
the HPS dataset compared to the voltage utilization eﬃciency calcu-
lated with the RPA probe in chapter 4
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Figure 7.26: Internal voltage utilization eﬃciency as calculated from
the HPS dataset compared to the voltage utilization eﬃciency calcu-
lated with the RPA probe in chapter 4
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Figure 7.27: Internal voltage utilization eﬃciency as calculated from
the HPS dataset compared to the voltage utilization eﬃciency calcu-
lated with the RPA probe in chapter 4
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Figure 7.28: Internal voltage utilization eﬃciency as calculated from
the HPS dataset compared to the voltage utilization eﬃciency calcu-
lated with the RPA probe in chapter 4
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Figure 7.29: Internal voltage utilization eﬃciency as calculated from
the HPS dataset compared to the voltage utilization eﬃciency calcu-
lated with the RPA probe in chapter 4
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7.7 Conclusions
Current eﬃciency is the dominant loss mechanism of low voltage operation of
the BPT-2000 Hall thruster. Perhaps the more interesting ﬁnding was that the
voltage utilization eﬃciency increases as a function of decreasing magnet current
for all discharge voltages. This eﬀect was was most pronounced for lower voltages.
The proportionality constant of magnetic ﬁeld to discharge voltage, as deﬁned
in Ahedo’s theoretical models, showed an increase in p for reduced discharge volt-
age operation. The experimental results here did not agree, and showed a decrease
in p for low discharge voltage. This can attributed to the limitations of the models
initial conditions. The model supposes that the bulk of the ion density will be
upstream of the acceleration region. The internal data shows that the peak ion
density can occur 10’s of mm’s downstream of the acceleration region for some
operating conditions. Since the model does not have this degree of freedom, it
cannot solve for the appropriate optimized magnet circuit.
The high-speed probe test for this work is a ﬁrst of its kind for low voltage
thrusters. Many internal probe studies for high discharge voltage work exist in
the community and have led design modiﬁcations to improve overall eﬃciency.
Among the internal probe results, it was conﬁrmed that the ionization zone moves
upstream with respect to the acceleration region with decreased magnet current
for low voltages. The natural result of this is an increase in voltage utilization
eﬃciency, which is supported by the results of the external probe data of chapter
4. Decreasing the magnet current was also shown to increase the peak ion density
and shift the entire ion density proﬁle further upstream for low voltage operation.
At higher voltages, the magnet current had a much smaller eﬀect on both the
location of the ionization and acceleration zones. No change in the fraction of
potential drop in the acceleration region was determined as a function of magnet
current for any voltage/propellant type.
The axial shift in the ionization and acceleration locations as a function of
magnet current for low voltage operation was also shown to be a location shift
to lower magnetic ﬁeld values when compared to the higher discharge voltages
at the same magnet currents. This indicates that it may be necessary for the
ionization and acceleration regions to be located at lower magnetic ﬁeld strengths
to sustain ionization processes for low voltages. This phenomenon may be explored
in detailed future work by altering the magnetic ﬁeld structure, shape, number of
coils etc., with the aim to increase the voltage utilization while reducing anode
current.
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Appendix A
HPS Data
A.1 Xenon
This is the complete data set results of the high-speed probe tests for xenon.
The experimental design can be found in chapter 5 and summary of the results
is found in chapter 6 For each graph a textbox lists the discharge voltage and
magnet current corresponding to the data set for the recorded traces.
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Figure A.1: High-speed probe results for Xenon
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Figure A.2: High-speed probe results for Xenon
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Figure A.3: High-speed probe results for Xenon
A.1. XENON 125
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Figure A.4: High-speed probe results for Xenon
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Figure A.5: High-speed probe results for Xenon
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Figure A.6: High-speed probe results for Xenon
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Figure A.7: High-speed probe results for Xenon
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Figure A.8: High-speed probe results for Xenon
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Figure A.9: High-speed probe results for Xenon
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Figure A.10: High-speed probe results for Xenon
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Figure A.11: High-speed probe results for Xenon
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Figure A.12: High-speed probe results for Xenon
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Figure A.13: High-speed probe results for Xenon
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Figure A.14: High-speed probe results for Xenon
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Figure A.15: High-speed probe results for Xenon
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Figure A.16: High-speed probe results for Xenon
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Figure A.17: High-speed probe results for Xenon
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Figure A.18: High-speed probe results for Xenon
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Figure A.19: High-speed probe results for Xenon
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Figure A.20: High-speed probe results for Xenon
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Figure A.21: High-speed probe results for Xenon
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Figure A.22: High-speed probe results for Xenon
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Figure A.23: High-speed probe results for Xenon
A.1. XENON 135
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Figure A.24: High-speed probe results for Xenon
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A.2 Krypton
This is the complete data set results of the high-speed probe tests for krypton.
The experimental design can be found in chapter 5 and summary of the results
is found in chapter 6 For each graph a textbox lists the discharge voltage and
magnet current corresponding to the data set for the recorded traces.
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Figure A.25: High-speed probe results for Krypton
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Figure A.26: High-speed probe results for Krypton
A.2. KRYPTON 137
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Figure A.27: High-speed probe results for Krypton
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Figure A.28: High-speed probe results for Krypton
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Figure A.29: High-speed probe results for Krypton
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Figure A.30: High-speed probe results for Krypton
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Figure A.31: High-speed probe results for Krypton
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Figure A.32: High-speed probe results for Krypton
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Figure A.33: High-speed probe results for Krypton
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Figure A.34: High-speed probe results for Krypton
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Figure A.35: High-speed probe results for Krypton
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Figure A.36: High-speed probe results for Krypton
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Figure A.37: High-speed probe results for Krypton
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Figure A.38: High-speed probe results for Krypton
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Figure A.39: High-speed probe results for Krypton
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Figure A.40: High-speed probe results for Krypton
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Figure A.41: High-speed probe results for Krypton
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Figure A.42: High-speed probe results for Krypton
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Figure A.43: High-speed probe results for Krypton
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Figure A.44: High-speed probe results for Krypton
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Figure A.45: High-speed probe results for Krypton
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Figure A.46: High-speed probe results for Krypton
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Figure A.47: High-speed probe results for Krypton
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Figure A.48: High-speed probe results for Krypton
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Figure A.49: High-speed probe results for Krypton
